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ABSTRACT
Chapter 1
Nucleophilic trifluoromethyl sources were systematically examined in stoichiometric
palladium experiments to determine the most efficient class of reagents for transmetallation. In
conjunction with reductive elimination studies, this led to the development of the first system for
the trifluoromethylation of aryl chlorides.
Chapter 2
A method for the oxidative trifluoromethylation of (hetero)aryl boronic acids is reported.
Bench top setup and visual reaction monitoring makes this process particularly well suited to
medicinal and academic chemists. Fast reaction times allow for the trifluoromethylation of
heterocyclic boronic acids that are prone to facile protodeboronation.
Chapter 3
A trifluoromethylation of potassium vinyl trifluoroborates via iron catalysis has been
developed. Excellent E:Z ratios are observed for styryl trifluoroborates. Initial investigations
suggest a mechanistic pathway that diverges from our previous (hetero)aryl trifluoromethylation
systems.
Chapter 4
A highly efficient system for the palladium-catalyzed cyanation of (hetero)aryl halides is
disclosed. By employing palladacycle precatalysts, cyanide binding during catalyst formation is
minimized, allowing for low catalyst loadings even with unactivated aryl chlorides. The method
utilizes a non-toxic cyanide source and exhibits excellent functional group tolerance, particularly
of free N-H groups and typically challenging five membered heterocycles.
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Introduction
Palladium-mediated cross-coupling has revolutionized the way chemists form carbon-
carbon bonds. In general, there exist six subclasses of C-C cross-coupling reactions which are
classified according to the organometallic reagent used as nucleophile (Scheme 1). Various
M = Li Murahashi
(Het)Ar-M Pd/L (Het)Ar-(Het)Ar, Mg Kurnag-Corriu
(Het)Ar-X + or -0. or Sn Stie
Alkyl-M (Het)Ar-Alkyl Sn StilleBR2 Suzuki-MiyauraX = 1, Br, CI, OTf, ONf, OTs, OMs Si Hiyama-Denmark
Scheme 1: Subclasses of Pd-catalyzed C-C cross-coupling reactions
methods for each subclass have been reported for the coupling of (hetero)aryl and alkyl
substrates. Improved protocols employing new ligands are regularly disclosed to allow for
increased functional group scope, milder conditions, and lower catalyst loadings. Continued
interest in the field and the large number of publications is a testament to the importance of
cross-coupling to modem organic chemistry. However, not all coupling partners have been
exhaustively explored; many highly sought after coupling reactions still have little precedent.
Despite over 40 years of research in the field, at the beginning of my graduate work in 2008
there existed no viable method available for (hetero)aryl-CF 3 bond formation via palladium
catalysis. The first chapter of this thesis will detail the development of the first, and to date only,
system for the trifluoromethylation of (hetero)aryl chlorides via a Hiyama-Denmark-type cross-
coupling.
The modem cross-coupling era is best known for the use of palladium catalysis, but older
couplings from the late 19t and early 20* century, such as the Ullmann reaction, utilize copper
to mediate C-C bond formation. The second chapter will focus on the search for an aryl
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trifluoromethylation methodology to complement the palladium system, which proceeds at room
temperature via a copper-mediated Chan-Lam-type oxidative coupling (Scheme 2).
HY and base Cu/L
(Het)Ar-BR 2 + or - (Het)Ar-Y
Y [0]
Scheme 2: The Chan-Lam coupling
Vinyl substrates represent an extremely important class of sp 2 carbons which are often
less explored than their aryl counterparts. Unfortunately, the trifluoromethylation methods
discussed in Chapters 1 & 2 did not afford even moderate yields when applied to vinyl systems.
Chapter 3 will detail the search for a vinyl trifluoromethylation method which proceeds via
Lewis acid catalysis using hypervalent iodine-based trifluoromethylating agents which were first
discovered by Togni.
The final chapter will return to palladium catalysis and focus on a different coupling
partner - cyanide (Scheme 3). While Pd-catalyzed cyanation reactions have 40 years of
precedent, the reactions have acquired a reputation of being highly irreproducible due to the
Pd/L(Het)Ar-X + MCN (Het)Ar-CN
X = 1, Br, CI, OTf, ONf, OTs, OMs
Scheme 3: Pd-catalyzed cyanation
propensity of cyanide to poison the palladium catalyst. Moreover, the average chemist would
ideally avoid the use of highly toxic salts such as sodium or potassium cyanide whenever
possible. Methods exist for benzonitrile formation using non-toxic cyanide sources, however the
substrate scope is often lacking, especially in the case of heterocycles. The last portion of this
thesis will focus on the development of a Pd-catalyzed cyanation methodology employing
10
palladacycle precatalysts and K4[Fe(CN)6 ]e3H 20, a non-toxic food additive, to achieve low
catalyst loading and unprecedented substrate scope.
11
Chapter 1 - Palladium-Catalyzed Trifluoromethylation of
(Hetero)aryl (Pseudo)halides
12
1.1 Introduction
It has been estimated that fluorinated substituents are present in 20% of pharmaceuticals
and 30% of agrochemicals currently on the market.' With the exception of the simple fluoro
group (-F), trifluoromethyl (-CF3) is the most commonly encountered fluorinated functional
group. CF3 is unique in that it both increases a molecule's lipophilicity while also acting as a
strong electron withdrawing substituent, exhibiting a ap value of 0.54, comparable to nitro (0.78),
cyano (0.66), or ester groups (0.45).2 In addition to these properties, the strong C-F bonds are
highly resistant to cellular metabolism. Therefore, the installation of trifluoromethyl groups is a
highly desired reaction for medicinal chemists. Unfortunately, their installation is often far from
routine. The classic benzotrifluoride synthesis is the Swarts reaction (Scheme 1).4 Radical
chlorination of toluene yields toxic trichlorotoluene, which when reacted with anhydrous
hydrogen fluoride in the presence of antimony pentafluoride results in exhaustive chlorine-
fluorine exchange, yielding the target benzotrifluoride. These conditions are extremely harsh; in
fact, the combination of HF/SbF5 produces fluoroantimonic acid, the most acidic compound
known. This makes the Swarts reaction applicable to only a very narrow range of substrates.
Me C 2  N CC13  HF CF3
t oo SbF5
Scheme 1: The Swarts reaction
Pd-catalyzed cross-coupling presents an alternate pathway to benzotrifluorides, offering
the potential for much milder conditions and increased functional group tolerance. The first Pd-
CF3 complex dates back 45 years to a report from Rosevear and Stone on the oxidative addition
of Pd(PPh 3)4 to CF 3I. 5 Over the next decades, many other M-CF3 complexes were synthesized
and a clear trend was observed: transition metal-perfluoroalkyl bonds are very strong and rather
unreactive. In 1982, Ishikawa disclosed the room temperature Pd-catalyzed trifluoromethylation
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of a single substrate with (CF3)ZnI generated in situ from oxidative addition of zinc dust to CF 3I,
using PdCl2(PPh3)2 as the precatalyst. 7 However, no subsequent studies by Ishikawa or any other
group have applied this method to aryl halides other than iodobenzene. Moreover, mechanistic
studies by Grushin have shown the inability of (PPh3)2Pd(Ph)(CF3) to undergo reductive
elimination, casting doubt on Ishikawa's proposed mechanism.8 Later, Hartwig showed that
(DPPBz)Pd(o-tol)(CF 3) does not undergo reductive elimination even at temperatures as high as
130 *C, despite being heated for several days.9 The first detailed report on Ar-CF3 reductive
elimination from a Pd(II) center was from Grushin, who found that heating (dppe)Pd(Ph)(CF 3) in
the presence of excess ligand at 145 *C for 64 hours produced a 10% yield of benzotrifluoride,
while (dppp)Pd(Ph)(CF 3) under similar conditions yielded 60% of the same product. Grushin's
next study was the biggest breakthrough in the field to date.8 He found that subjecting
(Xantphos)Pd(Ph)(CF 3) to temperatures as low at 80 *C for 3 hours yielded quantitative amounts
of reductive elimination product. Unfortunately, all efforts to derive a catalytic process proved
unsuccessful.
During the course of our studies, benzotrifluoride formation from well-defined Pd(IV)-
CF 3 complexes formed from oxidation by N-fluoropyridinium salts was discovered by Sanford.10
Almost simultaneously, Yu disclosed a Pd(II)-catalyzed trifluoromethylation via C-H activation
aided by ortho-pyridyl directing groups." Similar to Sanford's study, Yu employed an
electrophilic CF 3* reagent to oxidize the palladium to either a Pd(III) or Pd(IV) intermediate,
allowing for Ar-CF3 reductive elimination. Cleary, much effort has been directed towards Pd-
catalyzed trifluoromethylation. A classical Pd(0)/Pd(II) cross-coupling pathway would be of
great use to chemists as it avoids the need for oxidants and acids used in the work of Sanford and
Yu, and should be applicable to a much wider range of substrates.
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From the bevy of literature precedent, it is apparent that Pd-catalyzed aryl
trifluoromethylation remains challenging for three main reasons. First, the trifluoromethyl anion
is inherently unstable, readily undergoing a-fluoro elimination to yield difluorocarbene,12,13
which can bind to the transition metal catalyst14 or react with common functional groups such as
alkenes.' 5 Second, multiple trifluoromethyl group transmetallation events can lead to ligand
displacement and catalyst deactivation.8"6 Third, the strong Pd-CF3 bond makes reductive
elimination to form Ar-CF3 product difficult. A successful Pd-catalyzed trifluoromethylation
method will only be successful by overcoming these three major hurdles.
Even with an ideal catalyst, the choice of the optimal trifluoromethyl source is not trivial.
Simple trifluoromethyl salts (NaCF3, KCF 3, etc.) do not exist due to the instability of the
trifluoromethyl anion. LiCF3 is known to undergo rapid a-fluoro elimination even at cryogenic
temperatures,17 and trifluoromethyl Grignard reagents only afford products when generated at
-65 *C in the presence of a trapping agent such as acetone.' 8 There has been much effort
towards the development of trifluoromethyl sources that can be activated to release a
trifluoromethyl anion equivalent on demand (Figure 1). Arguably the most common and widely
used nucleophilic trifluoromethyl sources are the perfluoroalkylsilanes first discovered by
Ruppert19 and subsequently applied by Prakash. 2 0 ,2 1 StannaneS,22 potassium trifluoroborates,23 ,24
sulfones, 5 silylated hemiaminals, 26-30 and [10-S-5]-sulfuranides 3 1 are other sources of
nucleophilic CF3. Electrophilic trifluoromethyl sources such as Togni's hypervalent iodine
reagents32 and the sulfonium reagents developed by Umemoto and Yagupolskii 33 present
OTMS Q (
R3SiCF 3  Bu3SnCF3  KBF 3CF3  PhSO 2CF3  FC N OTBS (F3C)3SO 2 M
R = Me, Et, i-Pr O 3 FaC- NMe 2 M = NMe 4, K-18-crown-6
Figure 1: Nucleophilic trifluoromethyl sources used in this study
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alternatives, however these CF 3 sources are often vastly more expensive and require multistep
syntheses.
1.2 Results and Discussion
We began our studies with experiments using stoichiometric quantities of palladium to
test if the three fundamental steps of a classical cross-coupling reaction (oxidative addition,
transmetallation, and reductive elimination) were viable for aryl trifluoromethylation via Pd-
based complexes supported by biaryl phosphine ligands. As was shown in previous studies (vide
supra), the choice of ligand is crucial to successful reductive elimination of Ar-CF3. Senior
graduate student Brett Fors discovered a new ligand, BrettPhos, that exhibited unprecedented
activity for C-N bond forming reactions.34 We hypothesized that the electron rich nature of the
ligand in conjunction with the high degree of steric bulk would allow a Pd(II) complex featuring
bound BrettPhos ligand to undergo Ar-CF3 reductive elimination. A convenient synthesis of
oxidative addition complexes was also reported (Scheme 2), allowing access to starting materials
for our transmetallation and reductive elimination studies.
Me
Me Me MeOMe
B r . M e
MeO PCy 2  BrA6 Me Cy Pd,
i-Pr i-Pr + (COD)Pd(CH 2TMS) 2  (5.7 equiv.) MeO 0y9-Pd-Br - MeO PCy 2
(1 equiv.) H -- Pr - i-Pr
THE W Q> iPr/~ -r
i-r W-r W-r
BrettPhos OMe OMe
(1.1 equiv.)
Scheme 2: Oxidative addition complex synthesis (work by Dr. Donald Watson)
Using BrettPhos oxidative addition complexes and the ten CF 3 sources depicted in Figure
1, a series of experiments was conducted in several solvents (THF, toluene, benzonitrile) with
different activators (LiCl, KF, CsF, Me4NF, TASF, TBAT, NaOt-Bu) and other additives (DMF,
tetramethylethane, COD) to determine the optimal transmetallation conditions (Table 1). While
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the majority of conditions yielded little or no detectable Pd-CF3 species, a few combinations
gave modest yields (Table 1). Consistently, perfluoroalkylsilanes were found to be the most
promising CF 3 sources for this system.
Table 1: Room temperature transmetallation study
n-Bu CF 3 Source n-Bu
Activator
room temperature
BrettPhos-Pd-Br 20 h BrettPhos-Pd-CF 3
1 2
CF 3 Source Activator Solvent Yield (2)a
Bu3SnCF3 (1 equiv.) Me4N* F (1 equiv.) Toluene 34%
(F3C)3 SO2~Me 4N* (1 equiv.) None Toluene 18%
TMSCF 3 (5 equiv.) CsF (2 equiv.) THF 52%
TESCF3 (5 equiv.) CsF (2 equiv.) THF 54%
aYields determined by '9F and -"P NMR
Yields around 50% allowed for scale-up and isolation of appreciable amounts of Pd-CF3
complexes (Scheme 3). Decomposition of the intermediate complex was evident as the 3 1P
NMR spectrum showed significant amounts of free BrettPhos, and during purification of the Pd-
CF3 complex the presence of palladium black was apparent.
OMe OMe OMe
/7 CI., TESCF 3 (5 equiv.) F3C.Pd CsF (2 equiv.) ) Pd
Cy MeO PCy 2  MeO PCy 2
MeOYP-Pd-CI Proom temperature
Pri-p, 20 h P-Pr
i-Pr -Pr hPr
-Pr OMe OMe
OMe 4 5
3 37% isolated yield
Scheme 3: Isolation of Pd-CF3 complex 5
The isolated Pd-CF3 complexes possess key structural differences from oxidative
additions complexes. (BrettPhos)Pd(Ar)(X) complexes exhibit two peaks by 3 1P NMR. Previous
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NMR studies (NOE) by post-doctoral associate Dr. Donald Watson revealed that these two
species are rotational isomers: a C-bound isomer 3, where the palladium is r/1-bound to the ipso
carbon of the ligand's lower ring, and an 0-bound isomer 4, where a methoxy oxygen ortho to
the phosphine is datively coordinated to the metal center.3 4 Depending on the electronic'nature of
the aryl group as well as the halide counter-anion, BrettPhos oxidative addition complexes can
exist as either the C- or 0-bound isomers in the solid state, however when dissolved in solution,
equilibration between the two isomers ensues. In contrast, (BrettPhos)Pd(Ar)(CF 3) containing
either electron withdrawing or electron donating groups were only observed to be 0-bound in
their crystal structures. When in solution, only a single quartet in the 31P NMR spectrum and a
single doublet in the '9F NMR spectrum were present, suggesting that at room temperature, one
isomer is dominant.
F
F OMe
Pd F3C, Pd
0 MeO' PCy 2
P i-Pr
OMe
5
Figure 2: Single crystal X-ray structure of 5
To further probe the reason for low isolated yield of Pd-CF3 complexes, 2 was
resubjected to the optimal transmetallation conditions (Scheme 4). This experiment further
supported our hypothesis that catalyst decomposition is occurring in this system. One possible
pathway involves multiple trifluoromethyl transmetallation events to yield Pd(Ar)(CF 3)x.'6
Another possibility is difluorocarbene-mediated degradation of the complex. Unfortunately,
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byproducts consistent with these proposals were not detected. The 3P NMR spectrum showed
only free BrettPhos and 2, while 19F NMR showed TESF, unreacted TESCF3, CHF3, and 2.
Only 32% of fluorine-containing material was accounted for via 1F NMR, indicating the
majority of byproducts precipitated or evolved from solution; the final identity of these species
remains unknown.
n-Bu
F 3C,
Pd,
MeO PCy 2
i-Pr
'\i- P rK
OMe
2
TESCF 3 (5 equiv.)
CsF (2 equiv.)
THF
room temperature
24 h
n-Bu
F3C,Pd,
MeO PCy 2
Si-Pr
OMe
Only 13% remains
Scheme 4: Pd-CF 3 decomposition under transmetallation conditions
In line with our hypothesis, reductive elimination of Ar-CF3 can occur from 5 at mild
temperatures and in quantitative yield (Scheme 5). Having demonstrated (in a stepwise fashion)
transmetallation, reductive elimination, and oxidative addition we investigated the viability of a
catalytic ArX --+ ArCF3 transformation that encompassed all of these steps.
OMe
F3C,.Pd Dioxane CF3
MeOMPOy2Meo PCy 2  80 *Ci-P 3 hJ~
Pr 3>95% yield
OMe t1/2 = 24 min
n-Bu
'Pd
MeO~ PCY 2
Mi-Pr
OMe
2
5
Br Toluene CF
n-Bueiv 60*C n-Bu9'n-Bu 6h
5 equiv. >95% yield
n-Bu
Cy
M eO Y+PP-Pd-Br
OMe
>95% yield
Scheme 5: Successful reductive elimination from (BrettPhos)Pd(Ar)(CF 3)
n-Bu
Br\
Pd
MeO~ PCy 2
i-Pr
-PrOMe
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However, before we ventured in search of a catalytic variant, we once again examined
transmetallation, this time at temperatures where reductive elimination was shown to be feasible
(Table 2). Use of a tris-trifluoromethyl-[10-S-5]-sulfuranide (Entry 2) provided the highest
yield of 6, but only when equimolar to oxidative addition complex. An excess of the reagent
(Entry 3) resulted in an almost undetectable amount of benzotrifluoride product. This
trifluoromethyl source does not require an activator, releasing CF 3 anion into solution rapidly.
TMSCF 3 (Entry 4), a more facilely activated silane, afforded lower yields of trifluoromethyl
containing products than TESCF3 (Entry 5). In the case of both perfluoroalkylsilane reagents,
Table 2: Sequential transmetallation and reductive elimination at 60 *C
n-Bu
91Br-,P 
-u FFC n-Bu F
yPd CF3 Source FPd CFa
Me 'k~.PdB 0 MeOD PCY2  )I eo PCY -
Me , MeO -P -Pr 6 a eO r n-Bu
Or OMe 
_ OMeOMe 2
Entry CF 3 Source Activator Solvent Yield (2)a Yield (6)a
1 Bu 3SnCF 3 (1 equiv.) Me 4N' F (1 equiv.) Toluene 0% 14%
2 (F3C) 3SO27Me 4N* (1 equiv.) None Toluene 0% 49%
3 (F 3C)3 SO2 Me4N' (3 equiv.) None Toluene Trace
4 TMSCF 3 (5 equiv.) CsF (2 equiv.) THF 8% 17%
5 TESCF3 (5 equiv.) CsF (2 equiv.) THF 13% 28%
aYields determined by GC, 19F NMR, and 31P NMR
Pd-CF3 complex 2 was still present after 20 hours. Cesium fluoride is only sparingly soluble in
THF at 60 *C, so silane activation occurs slowly throughout the course of the reaction.
Controlling the rate of trifluoromethyl release allows for use of an excess of TESCF 3 to yield
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product while the use of an excess of tris-trifluoromethyl-[1O-S-5]-sulfuranide results in only
trace amounts of benzotrifluoride.
From stoichiometric studies, we now know that the key to a successful Pd-catalyzed
trifluoromethylation reaction. Previously, reductive elimination was thought to be the most
difficult step of the catalytic cycle. Using BrettPhos, Ar-CF3 bond formation was shown to be
facile at relatively low temperatures. Thus, it became clear that the most significant hurdle to a
catalytic system is the slow generation of trifluoromethyl anion equivalent to control
transmetallation and prevent catalyst decomposition. Perfluoroalkylsilanes are particularly well
suited to this task as the rate of activation can be controlled by altering five variables: degree of
steric bulk around the silicon center (TMS, TES, TIPS, etc.), solubility of the fluoride activator
(KF, CsF, TASF, TBAT, etc.), solvent, concentration, and temperature. What complicates
matters is these variables are all interconnected, requiring a significant amount of screening to
discover the global maximum of the five dimensional surface.
Table 3: Trifluoromethylation Of Aryl Bromides
[(allyl)PdC] 2 (3 mol %)
Br BrettPhos (12 mol %) CF 3
n-Octy R3SiCF3, MF n-Octyl~c.
110 *C, 24 h 7
Entry Silane Activator Solvent Conc. Conversion Yield (7)a
1 TESCF 3 (1.1 equiv.) CsF (1.1 equiv.) THF 0.05 M 30% 9%
2 TESCF3 (2.0 equiv.) KF (2.0 equiv.) Dioxane 0.2 M 35% 20%
3 TIPSCF3 (1.1 equiv.) CsF (1.1 equiv.) THF 0.05 M 39% 21%
4 TIPSCF3 (1.1 equiv.) CsF (1.1 equiv.) THF 0.1 M 61% 45%
5 TIPSCF3 (1.1 equiv.) CsF (1.1 equiv.) THF 0.2 M 93% 72%
aYields determined by GC and 19F NMR
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The search for a catalytic system started with the use of an aryl bromide as coupling
partner (Table 3). Initial experiments at low concentration using a modestly soluble activator
(Entry 1) provided 1.5 catalytic turnovers. While already better than the stoichiometric system,
this is still a long way from a viable catalytic process. Increasing the reaction concentration to
0.2 M (relative to ArBr) and using an activator of low solubility (Entry 2) resulted in some
improvement. The optimal conditions employed the highly sterically hindered TIPSCF3 (Entry
5). Unfortunately, when applied to other substrates (Scheme 6), benzotrifluoride yields were not
as high; it appeared that optimization would be necessary for each aryl bromide. As the goal was
to find a general system, we decided to look at other coupling partners.
[(allyl)PdCI] 2 (3 mol %)
Br BrettPhos (12 mol %) CF3
R '- 31 R-
TIPSCF3 (1.1 equiv.)
CsF (1.1 equiv.)
THF, 0.2 M
110 *C, 24 h
CF3 CFM CF CF3
n-Octy]" MeOj Me)O Me NC"1
72% yield 40% yield 23% yield 12% yield
Scheme 6: Trifluoromethylation of aryl bromides, substrate scope
In contrast to halides, the triflate anion is known to bind weakly to palladium complexes.
Therefore, we hypothesized aryl triflates would be excellent coupling partners for
trifluoromethylation reactions as the rate of transmetallation should be significantly increased.
[(allyl)PdC 2 (3 mol %)R- OTf L1 (9 mol %) CF3 OMe
TIPSCF 3 (1.1 equiv.)CsF (1.1 equiv.) PCy2
Dioxane, 0.2 M i-Pr i-Pr
130 0C, 22 h
CF3 IkICF
3  Nk CF 3  CF3 i-Prn-Octyl n-HexO Me Me NCL
66% yield 49% yield 58% yield 35% yield
Scheme 7: Trifluoromethylation of aryl triflates
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For this system, catalysts derived from 6-desmethoxyBrettPhos (Li) were generally superior.
Aryl triflates typically afforded comparable or slightly higher yields of benzotrifluoride product
when compared to aryl bromide analogues (Scheme 7), but still often not proceeding to full
conversion. Also, significant O-S bond cleavage to yield phenolate and diarylether products was
observed in some cases.
We were intrigued as to why aryl triflates performed poorly as theoretically,
transmetallation, the problematic step of the catalytic cycle, should be more efficient. Reactions
appeared to stall, indicating possible catalyst inhibition or decomposition. Addition of a metal
triflate, a byproduct of the reaction, effectively halted the reaction (Table 3). Similar inhibition
was observed for potassium nonaflate and tosylate, but not for potassium mesylate. Perplexingly,
Table 4: Sulfonate salt inhibition
[(allyl)PdCI] 2 (3 mol %)
OTf L1 (9 mol %) CF3
n-Octyl TIPSCF 3 (1.1 equiv.) n-OctylCsF (1.1 equiv.)
Additive (1 equiv.) 7
130 *C, 22 h
Additive Yield (7)a
None 64%
KOMs 54%
KOTs 10%
KONf 3%
KOTf 5%
aYields determined by GC and '9F NMR
the mesylate anion is the most electron rich of the sulfonate salts, and therefore more likely to
bind to palladium and hinder transmetallation. The mechanism of triflate inhibition is not
obvious. 35,36 It is known that trifluoromethyl anion can add to phenyl triflate, generating
23
phenolate and bistrifluoromethylsulfone; in fact, this is the method of synthesis for the tris-
trifluoromethyl-[1O-S-5]-sulfuranides used in stoichiometric transmetallation studies.3 ' Perhaps
this reaction is somehow related to triflate anion inhibition. Indeed, nucleophilic CF 3 attack is
more likely to occur at the more electron poor sulfur of a triflate than a mesylate.
Table 5: Trifluoromethylation of aryl chlorides
[(allyl)PdCl]2 (3 mol %)
C1 BrettPhos (9 mol %) CFa
n-Bu R3SiCF3 (2 equiv.) n-BuMF (2 equiv.) 820 h
Silane Activator Solvent Temperature Yield (8)a
TMSCF 3  CsF THF 110 *C Trace
TMSCF3  KF THF 110 *C 7%
TESCF 3  CsF THF 110 *C 25%
TESCF 3  KF THF 110 *C 67%
TESCF 3  KF Dioxane 120 *C 80%
aYields determined by GC and '9F NMR
Concurrent with this project, Brett Fors was investigating the nitration of aryl halides via
Pd-catalyzed cross-coupling. 37 He observed that aryl chlorides were superior coupling partners
relative to aryl bromides, and suggested that transmetallation is more facile for smaller halide
anions. Traditionally, aryl chlorides have been difficult substrates for cross-coupling reactions,
but this was due to the inability of earlier catalysts to oxidatively add to Ar-Cl bonds. Catalysts
based on biaryl phosphines ligands have been shown to promote oxidative addition to
unactivated aryl chlorides at temperatures as low at -40 *C.38 In light of these results, together
with postdoctoral associate Dr. Eun Jin Cho, we investigated aryl chlorides as coupling partners.
She discovered that through the use of a sparingly soluble activator and moderately bulky silane
(Table 5), aryl chlorides can be efficiently transformed to benzotrifluorides. This system has a
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broad substrate scope, as shown in Table 6. For ortho-substituted aryl chlorides, postdoctoral
associate Dr. Yong Zhang found that a catalyst derived from the less bulky ligand RuPhos
afforded better yields.
Table 6: Trifluoromethylation of aryl chlorides, substrate scope
OMe
Pd:Ligand (1:1.5)
TESCF 3 (2 equiv.) MeO PCy 2PC]y2  KF (2 equiv.) ' -Pr~A i-Pr
i-PrO 0-Pr (Het)Ar-CI ) (Het)Ar-CF3
Dioxane, 0.3 M
6-20 h
RuPhos W-rBrettPhos
Substrate Pd source mol % [Pd] Ligand Temperature Yielda
NB t CF3 [(allyl)PdCl] 2  6 BrettPhos 120 *C 80%
n-Bu)O
q CF3  [(allyl)PdCI] 2  6 BrettPhos 120 *C 83%
CO2n-Hex
n C F3 [(allyl)PdCl] 2  4 BrettPhos 120 *C 85%
n-HexO2C
Etoy" CF3 [(allyl)PdCl]2 6 BrettPhos 
120 C 72%
OEt
O CF3 [(allyl)PdCl] 2  6 BrettPhos 120 *C 
94%
N
CF3 [(allyl)PdClI2 6 BrettPhos 130 *C 70%
O2NI
Me
Ph C [(allyl)PdCl] 2  6 BrettPhos 130 *C 82%
"*" = CF3
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Substrate Pd source mol % [Pd] Ligand Temperature Yielda
I CF3  [(allyl)PdCl] 2  6 BrettPhos 130 C 90%
N
Bn
CF 3
;:rCF3Ph)
r 
CF3
NC'
F 
CF3
t-BuO2C)C
Phllo* 00o 
CFa
CF
3
CF3
CF3
Bn
CF 3
Ph CF 3
[(allyl)PdC1] 2
[(allyl)PdC1]2
Pd(dba)2
Pd(dba)2
Pd(dba)2
Pd(dba)2
Pd(dba)2
Pd(dba)2
Pd(dba)2
Pd(dba)2
6 BrettPhos
BrettPhos
BrettPhos
BrettPhos
BrettPhos
BrettPhos
BrettPhos
BrettPhos
130 *C
130 *C
130 *C
130 *C
130 *C
130 *C
130 *C
76%
84%
72%
72%
88%
84%
84%
6
8
6
130 *C
130 *C
130 *C
BrettPhos
BrettPhos
84%
80%
87%6
26
Substrate Pd source mol % [Pd] Ligand Temperature Yielda
CF 3  [(allyl)PdCl] 2  8 RuPhos 140 *C 90%
CF 3  [(allyl)PdCl] 2  8 RuPhos 140 0C 87%
Me
Ph
CF 3 Bn [(allyl)PdCI] 2  8 RuPhos 140 *C 78%
B"F [(allyl)PdClI]2 8 RuPhos 140 *C 82%
CF3 [(allyl)PdCl] 2  8 RuPhos 140 *C 77%
aIsolate yield, average of two independent runs b1 2 mol % BrettPhos
1.3 Conclusion
Through extensive experiments with stoichiometric palladium complexes, we determined
that the key to a successful Pd(0)-catalyzed trifluoromethylation methodology was slow,
measured release of trifluoromethyl anion equivalent. Reductive elimination, previously thought
to be the biggest hurdle, was demonstrated to be facile when BrettPhos is used as an ancillary
ligand. These observations lead to the development of the first, and to this date only,
trifluoromethylation of aryl chlorides.
1.4 Experimental
General Reagent Information
Unless otherwise noted, all commercially available reagents were used as received. THF, Et20,
CH 2Cl 2 and toluene were purchased from J.T. Baker in CYCLE-TAINER@ solvent-delivery kegs
and vigorously purged with argon for 1 h. The solvents were further purified by passing them
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under argon pressure through two packed columns of neutral alumina (for THF and Et20) or
through neutral alumina and copper(II) oxide (for toluene and CH 2 C12). Anhydrous benzonitrile
and 1,4-dioxane were purchased from Aldrich in Sure-Seal bottles and degassed by purging with
argon for 1 h. was purchased from Aldrich. Technical grade acetonitrile and methylene chloride
was used for palladium complex formation. Acetone (extra-dry) was obtained from Acros. 1,5-
cyclooctadiene (redistilled), TMSCH 2MgCI solution (1 M in Et 2O), dimethylformamide
(anhydrous), pentane (anhydrous), and Pd(dba)2 were purchased from Aldrich. Cesium fluoride
(Aldrich, 99%) was finely ground in a mortar and pestle, and dried at 200 *C under vacuum for
24 hours. [(allyl)PdClI 2 were purchased from Strem. (Trifluoromethyl)trimethylsilane was
purchased from Oakwood. Triethyl(trifluoromethyl)silane and triisopropylsilyl chloride was
purchased from Gelest. Trifluoromethyl phenyl sulfone was purchased from Marshallton.
(Trifluoromethyl)tri-n-butylstannane,2 2 (F3C)3SO 2M reagents,31 and silylated trifluoromethyl
hemiaminals2 63 0  were synthesized according to literature procedure. Potassium
trifluoro(trifluoromethyl)borate was purchased from TCI America. Spray-dried KF was
purchased from Aldrich and further dried at 170 *C for 12 h under vacuum prior to use. Neutral
alumina was dried at 200 'C under vacuum prior to use. All reactions were set up in oven-dried,
screw-cap test tubes with Teflon seals (PTFE/silicon septa) in a nitrogen-filled glovebox. Flash
chromatography for Table 6 was performed using a Biotage SP4 instrument with prepacked
silica cartridges.
General Analytical Information
All compounds were characterized by 'H NMR, 13C NMR, '9F NMR, 3'P NMR, 29Si NMR, IR
spectroscopy, as well as, in most instances, elemental analysis. Copies of 'H NMR, 13 C NMR,
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1F NMR, "P NMR, and 29Si NMR spectra can be found at the end of the Supporting
Information. Nuclear Magnetic Resonance spectra were recorded on a Varian XL 300 MHz
instrument and a Bruker DRX 400 MHz instrument. All 'H NMR experiments are reported in 8
units, parts per million (ppm), and were measured relative to residual chloroform (7.26 ppm) in
the deuterated solvent. All 13C NMR spectra are reported in ppm relative to deuterochloroform
(77.23 ppm), and all were obtained with 1H decoupling. All coupling constants were reported in
Hz. Infrared spectra were recorded on a Perkin-Elmer Model 2000 FT-IR using NaCl plates. All
GC analyses were performed on an Agilent 6890 gas chromatograph with an FID detector using
a J&W DB-200 column (30 m, 0.25 mm I.D.) or a DB-1 column (10 m, 0.1 mm I.D.). Elemental
analyses were performed by Atlantic Microlabs Inc., Norcross, GA.
Synthesis of (COD)PdCl2
To refluxing acetonitrile (1 L) was slowly added PdCl2 (20 g, 113 mmol) in small portions over a
period of 2 h. It was necessary to allow for full dissolution of the solid PdCl2 after addition of
each portion because rapid addition results in clumping and sluggish conversion. If an orange
solid precipitated from solution, additional acetonitrile was added. After complete addition of
PdCl2, the hot solution was transferred to a round bottom flask (note: cooling results in
precipitation). Removal of the solvent in vacuo yielded the orange solid (MeCN) 2PdCl2 (29.3 g,
98% yield). Next, (MeCN)2PdCl 2 (13.6 g, 52.5 mmol), CH 2Cl2 (500 mL), and 1,5-cyclooctadiene
(25 mL, 22.1 g, 204 mmol, STENCH!) were added to a round bottom flask. The reaction
mixture was stirred at room temperature for 3 h afforded a yellow suspension. The CH 2 Cl2 was
removed in vacuo, and the resulting slurry was triturated with hexanes, filtered, and the solid was
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further washed with hexanes to remove residual 1,5-cyclooctadiene. Drying in vacuo afforded
the yellow solid (COD)PdCI2 (14.8 g, 98% yield).
Synthesis of (COD)Pd(CH 2TMS)2
[Note: It is crucial to keep the reaction temperature below 0 'C when (COD)Pd(CH 2TMS) 2 is in
solution to avoid formation of palladium black. In the solid state, the reagent can be used at
room temperature for several hours, however it is recommended that it be stored at -20 *C under
an inert atmosphere for prolonged periods.] To a flame-dried 200 mL Schlenk flask equipped
with a magnetic stirbar was added (COD)PdCI2 (2 g, 7 mmol). The vessel was equipped with a
rubber septum and subsequently evacuated and backfilled with nitrogen (this process was
repeated for a total of three times). Et2O (80 mL) was added via syringe, and the vessel was
cooled to -25 *C. TMSCH 2MgC1 solution (16 mL, 16 mmol, 2.3 equiv.) was added over 16 min
with the aid of a syringe pump to the stirring (COD)PdCl 2 suspension. After addition was
complete, the reaction mixture was stirred for an additional 1 h. The disappearance of the bright
yellow color of (COD)PdCl 2 and conversion to a grey suspension indicated completion of the
reaction. Acetone (1.2 mL, 949 mg, 16 mmol, 2.3 equiv.) was added to the reaction mixture
dropwise via syringe to quench any remaining Grignard reagent. The solvent was removed in
vacuo, and the vessel was backfilled with nitrogen. Pentane (30 mL) was added slowly via
syringe so as not to increase the temperature of the reaction mixture above 0 *C. The septum
was removed and replaced with a new septum pre-punctured with an oven-dried, slug-end filter
cannula (see reference 39 for a graphical representation) wrapped with glass fiber filter paper and
PTFE tape. The pentane solution was separated from the magnesium salts via filter cannula into
a 100 mL Schlenk flask cooled to -25 *C under a nitrogen atmosphere. The solids in the 200 mL
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Schlenk flask were further washed with pentane (15 mL) and the solution was again transferred
via filter cannula to the 100 mL Schlenk flask (this process was repeated for a total of two
times). A pale yellow, clear solution was obtained. Solvent was removed in vacuo, yielding the
white solid (COD)Pd(CH2TMS) 2 (2.15 g, 79%). The flask was sealed while still under vacuum
and transferred to a nitrogen-filled glove box for storage at -25 *C. 'H NMR analysis is difficult
unless the solution is always kept at low temperature.
Synthesis of TIPSCF3
[This procedure was modified from Prakash's Mg-promoted silyl trifluoromethylation method.]2 1
A flame-dried 200 mL Schlenk flash equipped with a magnetic stir bar was charged with
magnesium (3.48 g, 143 mmol, 3 equiv.). A rubber septum was attached, and the vessel was
evacuated and backfilled with argon (this process was repeated for a total of three cycles). DMF
(100 mL) was added to the Schlenk flask via syringe, and the vessel was then cooled to -25 *C.
Next, TIPSCl (20.6 mL, 144 mmol, 3 equiv.) was added to the Schlenk flask via syringe.
Subsequently, a solution of PhSO2CF 3 (10 g, 48 mmol, 1 equiv.) in DMF (7 mL) was added
dropwise via cannula to the stirring TIPSCl/Mg reaction mixture over a period of 10 min. The
cooling bath was removed from the reaction vessel, and the solution was allowed to warm to 10
*C over 1.5 h while stirring. The reaction was poured onto ice-cold H20 (200 mL) and extracted
with pentane (4x40 mL) (STENCH!!!! PhSH and PhSSPh are reaction byproducts). The
combined organic layers were cooled in an ice bath and concentrated H2 SO 4 (10 mL) was added
dropwise (CAUTION: exotherm, gas evolution). The solution was transferred to a separatory
funnel, and the pentane layer was separated from the acid layer (this process was repeated for a
total of four 10 mL conc. H2SO4 washes). During the acid washes, multiple drastic color
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changes were observed. The organic layer was then washed with sat. aq. NaHCO 3 (2x200 mL)
(CAUTION: gas evolution!). The organic layer was dried over MgSO 4, filtered, and
concentrated in vacuo. 19F NMR showed a -1:1 ratio of TIPSCF3:TIPSF. The resulting oil was
subjected to silica gel chromatography (pentane). The collected fractions from chromatography
were monitored by GC. A second purification by silica gel chromatography was performed to
obtain a 95:5 TIPSCF3:TIPSF mixture as a clear oil. Yield 3.3 g, 31%. 'H NMR (300 MHz,
CDC13): 6 -1.38-1.22 (in, 3H), 1.16 (d, J= 7.1 Hz, 18H);13C NMR (75 MHz, CDC13): 6 132.7
(q, J= 326 Hz), 18.1 (q, J= 0.8 Hz), 9.8 (q, J= 1.4 Hz); 29Si NMR (79 MHz) 6 2.8 (q, J= 28
Hz); '9F NMR (282 MIHz, CDC13) 8 -55.2; IR (neat): vmax = 2952, 2874, 1466, 1390, 1372,
1200, 1001, 885, 685 cm-1.
Stoichiometric transmetallation and reductive elimination studies (Tables 1 and 2)
All operations (except analyses) were performed in a nitrogen-filled glovebox. Complex 1 (12
mg) as well as any other solids reagents were added to an oven-dried reaction vial equipped with
magnetic stir bar. Solvent (0.7 mL) was added, followed by any liquid reagents, in addition to
dodecane (10 pL) and 1 -fluoronaphthalene (2.5 [tL) as internal standards. The vials were capped
and transferred to a stir-hot plate equipped with an aluminum heating block. For
transmetallation studies, the reactions were stirred for 20 h at room temperature, while for
reductive elimination studies the reactions were stirred at 60 *C for 20 h. Formation of 2 and/or
6 were measured by a combination of 19F NMR, 3'P NMR, and GC analysis. For some
trifluoromethyl sources, reduction and biaryl products were also observed.
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General Procedure for the Synthesis of Oxidative Addition Complexes
In a nitrogen-filled glovebox, a solution of ligand and aryl halide in THF was added to a vial
containing (COD)Pd(CH 2TMS) 2. The resulting yellow solution was allowed to sit at room
temperature for 48 h, layered with pentane, and left standing. After 24 h, the mixture was
removed from the glove box and filtered. The solid was washed with pentane, and dried under
vacuum to obtain the desired complex as a mixture of two rotamers.
n-Bu According to the general procedure,
cy Br, Pd n (COD)Pd(CH 2TMS) 2 (389 mg, 1 mmol) 
was
Cy-O Pd-
MeCY P-Pd-Br .w MeO Pcy 2  reacted with BrettPhos (760 mg, 1.4 mmol)
q ii-Pr O P-Pr
OMe and 4-n-butyl-1-bromobenzene (4 mL, 23
mmol) in 16 mL THF to afford 615 mg (0.718 mmol, 72%) of the desired complex as a yellow
powder. 1H NMR (500 MiHz, CD2Cl 2): Complex spectrum, see below. '3C NMR (126 MHz,
CD2CI2) 8 157.1, 157.0, 157.0, 155.4, 155.4, 154.4, 154.3, 154.3, 152.5, 152.4, 152.2, 149.5,
147.4, 138.7, 138.5, 138.4, 138.3, 137.8, 137.7, 133.6, 133.6, 133.5, 133.5, 131.2, 131.2, 131.1,
131.1, 127.3, 127.3, 127.1, 127.1, 125.3, 125.1, 124.7, 122.0, 119.1, 118.9, 118.1, 118.1, 113.9,
111.9, 111.8, 111.5, 111.5, 62.3, 55.4, 55.3, 54.9, 36.9, 36.8, 35.5, 35.3, 35.2, 34.9, 34.8, 34.6,
31.9, 31.4, 31.3, 31.3, 29.8, 29.8, 29.3, 29.3, 28.3, 28.3, 28.3, 28.2, 27.3, 27.2, 27.0, 26.9, 26.5,
25.7, 25.7, 25.7, 25.5, 25.0, 24.7, 24.3, 23.7, 22.7, 22.6, 14.4, 14.3, 14.2 (Observed complexity is
due to C-P splitting); 31P NMR (121 MHz, CD2Cl2) 6 45.3, 37.9; IR (neat): vmax = 3056, 2853,
1606, 1578, 1457, 1422, 1243, 1054, 1009, 954, 711 cm 1 ; Anal. Caled. For C45H66BrO2PPd, C
63.12, H 7.77 Found C 62.88, H 7.79.
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OMe OMe According to the general procedure,
cI1,d (COD)Pd(CH2TMS) 2 (200 mg, 0.51 mmol)
Cy Pd
MeocY P~I MeO ~YMe M-eO P-Pr was reacted with ligand 6 (304 mg, 0.56
mL K.>i-Pr ~ ~ Ni-Pr
OMe OMe mmol) and 4-methoxy-1-chlorobenzene (0.44
mL, 3.6 mmol) in 5 mL THF to afford 341 mg (0.434 mmol, 84%) of the desired complex as
yellow-green microcrystals. 'H NMR (500 MHz, CD 2Cl 2): Complex spectrum, see below. 13C
NMR (126 MHz, CD2Cl 2) 8 157.2, 157.1, 157.0, 155.3, 155.3, 154.4, 154.4, 152.5, 152.4,
152.1, 149.5, 147.4, 138.8, 138.7, 138.0, 138.0, 137.3, 137.3, 133.5, 133.5, 131.2, 131.2, 128.8,
125.6, 125.4, 124.7, 124.4, 122.0, 119.0, 118.7, 118.0, 118.0, 114.0, 114.0, 113.9, 113.9, 113.2,
113.2, 113.1, 113.1, 111.7, 111.7, 111.4, 111.4, 68.3, 61.0, 55.6, 55.5, 55.4, 55.3, 54.9, 36.7,
36.5, 35.6, 35.4, 35.0, 34.9, 31.8, 31.4, 31.4, 31.3, 29.9, 29.9, 29.8, 29.8, 28.4, 28.3, 28.2, 28.2,
27.2, 27.1, 26.9, 26.8, 26.7, 26.1, 25.8, 25.8, 25.8, 25.6, 25.0, 24.7, 24.3, 23.7 (Observed
complexity is due to C-P splitting); 31P NMR (121 MHz, CD2Cl2) 5 47.6, 38.8; IR (neat): vmax
= 2932, 2853, 1606, 1579, 1481, 1423, 1258, 1172, 1002, 955, 711, 472 cm-1; Anal. Calcd. For
C4 2H60ClO3PPd, C 64.20, H 7.70 Found C 64.00, H 7.80.
General Procedure for the Synthesis of Pd-CF3 Complexes
All operations were performed in a nitrogen-filled glovebox. To a suspension of a
(BrettPhos)Pd(Ar)(X) complex and CsF (2 equivalents) in THF (50 mL/mmol Pd complex) was
added TESCF3 (5 equivalents), and the mixture was stirred at room temperature for the specified
time. The mixture was then filtered through a short plug of neutral alumina and the solvent was
evaporated. The residue was taken up in THF, layered with the 10-fold volume of pentane, and
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stored at -30 'C for at least 12 h. The desired complex was isolated by filtration and stored at -30
*C.
OMe Following the general procedure, complex 3/4 (143 mg, 0.182 mmol) was
FaCPd, treated with CsF (55.3 mg, 0.364 mmol) and TESCF3 (173 [tL, 0.918
MeO PCy 2
i-Pr mmol) in 9 mL THF for 24 hours. The complex was obtained as white-
OMe
yellow crystals (55 mg, 67 [mol, 37% yield). 'H NMR (500 MHz,
CD2Cl 2): Complex spectrum, see below. 13C NMR (126 MHz, CD2Cl2): Complex spectrum, see
below. Observed complexity is due to C-P and C-F splitting.' 9F NMR (282 MHz, CD 2 C 2 ) 8 -
32.9 (d, 3JP-F = 45 Hz); 31P NMR (121 MHz, CD 2Cl2) 8 32.7 (q, 3JP-F = 45 Hz); IR (neat): vma
= 2932, 2853, 1580, 1482, 1423, 1233, 955, 812, 714 cm-.
n-Bu Following the general procedure, complex 1 (152 mg, 0.183 mmol)
F3C,Pd was treated with CsF (55.3 mg, 0.364 mmol) and TESCF 3 (173 [L,
MeO PCy 2
i-Pr
__P iP 0.9 18 mmol) in 9 mL THE for 48 hours. The complex was obtained as
OMe an off-white powder (95 mg, 112 [mol, 61% yield). 'H NMR (500
MHz, CD2CI2): Complex spectrum, see below. 13C NMR (126 MHz, CD2C12): Complex
spectrum, see below. Observed complexity is due to C-P and C-F splitting. '9F NMR (282 MHz,
CD2CI2) 8 -30.6 (d, J = 44.4 Hz). 31P NMR (121 MHz, CD 2C 2) 8 32.1 (q, J = 44.4 Hz); IR
(neat): vma = 2957, 2853, 1582, 1452, 1423, 1242, 1001, 954, 715 cm~.
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Reductive Elimination Studies
In a nitrogen-filled glovebox, complex 5 (ca. 5-10 mg) was added to a screw-cap NMR tube.
Dioxane (0.6 mL) and 1-fluoronaphthalene (1.5 gL) were then added. The NMR tube was
capped and taken out of the box. Sonication for ca. 5 min provided a homogeneous suspension of
the complex in dioxane. The NMR probe was heated to 80 *C. The tube was inserted into the
NMR spectrometer and spectra were taken continuously. Plotting the natural logarithm of the
ratio of the signal for 5 and the standard (1-fluoronaphthalene) against time resulted in a straight
line as expected for a first-order plot.
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Crystal Structure Data of 5
5: datad09081
_auditcreationmethod SHELXL-97
_chemicalnamesystematic; ?
_chemicalnamecommon ?
_chemical meltingpoint ?
_chemicalformula moiety ?
_chemicalformulasum
'C43 H60 F3 03 P Pd'
_chemicalformula weight 819.28
loop_
_atomtype symbol
_atomtype description
_atom_type scatdispersionreal
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_atomtypescat dispersion imag
_atomtypescatsource
'C' 'C' 0.0181 0.0091
'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
'H' 'H' 0.0000 0.0000
'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
'0' '0' 0.0492 0.0322
'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
'F' 'F' 0.0727 0.0534
'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
'P' 'P' 0.2955 0.4335
'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
'Pd' 'Pd' 0.1215 3.9337
'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
_symmetrycellsetting Triclinic
_symmetryspacegroupnameH-M P-1
loop_
_symmetryequivposasxyz
'x y, z'
'-x, -y, -z'
_celllengtha 10.7996(3)
_celllength-b 13.1402(3)
_celllength-c 15.5361(4)
_cellangle alpha 104.063(2)
_cellangle beta 102.141(2)
_cellangle gamma 104.174(2)
_cellvolume 1986.36(9)
_cellformulaunitsZ 2
_cellmeasurement temperature 100(2)
_cellmeasurementreflnsused 9785
_cellmeasurementtheta_min 3.65
_cellmeasurementthetamax 68.33
_exptl crystal description needle
_exptl crystal colour colourless
_exptl crystal sizemax 0.28
_exptl crystal sizemid 0.10
_exptl crystal sizemin 0.05
_exptl crystaldensitymeas ?
_exptl crystal densitydiffrn 1.370
_exptl crystal density method 'not measured'
_exptl crystalF_000 860
_exptl absorpt coefficientmu 4.570
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_exptl absorpt correction type multi-scan
_exptl absorpt correction_T_min 0.3610
_exptl absorpt correction_T_max 0.8037
_exptl-absorptprocessdetails 'SADABS (Sheldrick, 2009)'
_exptl special details
'Bruker D8 three-circle diffractometer, Bruker APEX CCD'
_diffrn_ambienttemperature 100(2)
_diffmradiationwavelength 1.54178
diffrn radiationtype CuK\a
_diffrn_radiationsource 'fine-focus sealed tube'
_diffrn radiationmonochromator graphite
_diffrn_measurement_devicetype 'Bruker Smart APEX CCD'
_diffrn_measurementmethod 'omega and phi scans'
_diffrn_detectorarearesolmean 8.3
_diffrn_reflnsnumber 36290
_diffrn_refinsavR-equivalents 0.0480
diffrn reflnsav sigmal/netl 0.0331
_diffrnreflnslimit_h_min -12
diffrn reflnslimit_h_max 12
_diffrnreflnslimit_k_min -15
diffrn reflnslimit_k_max 15
_diffrnreflns-limit_1_min -18
_diffrn reflns limit 1 max 18
_diffrnreflnstheta_min 3.06
_diffrn_reflnsthetamax 67.73
_reflnsnumbertotal 6923
_reflnsnumbergt 6325
_reflnsthreshold expression >2sigma(I)
_computingdata_collection 'APEX2 v2009.9.0 (Bruker-AXS, 2009)'
_computingcell refinement 'SAINT 7.46A (Bruker-AXS, 2009)'
_computingdatareduction 'SAINT 7.46A (Bruker-AXS, 2009)'
_computingstructuresolution 'SHELXS-97 (Sheldrick, 2008)'
_computingstructurerefinement 'SHELXL-97 (Sheldrick, 2008)'
_computingmoleculargraphics 'Bruker SHELXTL'
_computingpublicationmaterial 'Bruker SHELXTL'
_refine special details
Refinement of FA2A against ALL reflections. The weighted R-factor wR and
goodness of fit S are based on F^2^, conventional R-factors R are based
on F, with F set to zero for negative FA2A. The threshold expression of
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FA2A> 2sigma(F^2A) is used only for calculating R-factors(gt) etc. and is
not relevant to the choice of reflections for refinement. R-factors based
on FA2A are statistically about twice as large as those based on F, and R-
factors based on ALL data will be even larger.
_refineis_structurefactorcoef Fsqd
_refineis_matrix type full
_refine is weightingscheme calc
_refineis weightingdetails
'calc w=1/[s^2A(FoA2^)+(0.0493P)A2^,+2.1035P] where P=(FoA2^A+2FCA2A)/3'
_atomsitessolution_primary direct
_atomsitessolution-secondary difmap
_atomsitessolutionhydrogens geom
_refine-is-hydrogentreatment constr
_refineis_extinctionmethod none
_refineis_extinctioncoef ?
_refineis_numberreflns 6923
_refineIs_numberparameters 469
_refine_ls_numberrestraints 0
_refineis_R_factorall 0.0397
_refineIs_R_factorgt 0.0350
_refinels_wRfactorref 0.0894
_refine_is_wR_factorgt 0.0870
_refinels_goodnessoffitref 1.031
_refineIs_restrained_S_all 1.031
_refineis_shift/sumax 0.001
_refineis_shift/su mean 0.000
loop_
_atomsitelabel
_atomsitetypesymbol
_atomsitefract_x
_atomsitefract_y
_atomsitefract_z
_atomsite_U_iso-or-equiv
_atom site adptype
_atomsiteoccupancy
_atomsite symmetrymultiplicity
_atomsitecalc_flag
_atomsiterefinementflags
_atomsitedisorderassembly
_atom site disordergroup
Pdl Pd 0.059919(19) 0.996682(16) 0.736073(14) 0.01933(8) Uani 1 1 d ...
Cl C 0.0462(3) 1.1540(2) 0.7451(2) 0.0294(7) Uani 1 1 d ...
Fl F 0.0157(3) 1.17807(18) 0.66516(16) 0.0548(6) Uani 11 d ...
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F2 F 0.1639(2) 1.23812(16) 0.79691(16) 0.0471(5) Uani 11 d...
F3 F -0.0406(2) 1.18016(17) 0.79131(18) 0.0504(6) Uani 11 d..
ClI C 0.1888(3) 1.0331(2) 0.6650(2) 0.0237(6) Uani 1 1 d ...
C12 C 0.3192(3) 1.0996(2) 0.7113(2) 0.0258(6) Uani 1 1 d ...
H12 H 0.3452 1.1276 0.7770 0.031 Uiso 11 calc R . .
C13 C 0.4135(3) 1.1267(3) 0.6643(2) 0.0287(7) Uani 1 1 d ...
H13 H 0.5025 1.1712 0.6978 0.034 Uiso 11 calc R..
C14 C 0.3757(3) 1.0880(3) 0.5684(2) 0.0286(7) Uani 1 1 d ...
01 0 0.4590(2) 1.1083(2) 0.51445(16) 0.0343(5) Uani 11 d ...
C17 C 0.5959(3) 1.1640(3) 0.5634(3) 0.0409(9) Uani 1 1 d ...
H17A H 0.6060 1.2390 0.6006 0.061 Uiso 11 calc R . .
H17B H 0.6481 1.1679 0.5190 0.061 Uiso 11 calc R..
H17C H 0.6278 1.1237 0.6041 0.061 Uiso 1 1 calc R. .
C15 C 0.2442(3) 1.0240(3) 0.5202(2) 0.0289(7) Uani 1 1 d ...
H15 H 0.2173 0.9988 0.4544 0.035 Uiso 1 1 calc R. .
C16 C 0.1532(3) 0.9971(3) 0.5680(2) 0.0265(6) Uani 1 1 d ...
H16 H 0.0642 0.9532 0.5343 0.032 Uiso 1 1 calc R..
P1 P 0.05670(6) 0.81642(6) 0.72586(5) 0.01691(15) Uani 11 d...
C21 C -0.0892(3) 0.7149(2) 0.63040(19) 0.0189(6) Uani 11 d ...
H21 H -0.0729 0.6417 0.6155 0.023 Uiso 11 calc R . .
C22 C -0.1019(3) 0.7527(2) 0.5435(2) 0.0237(6) Uani 1 1 d ...
H22A H -0.1147 0.8263 0.5580 0.028 Uiso 11 calc R . .
H22B H -0.0 182 0.7596 0.5256 0.028 Uiso 11 calc R . .
C23 C -0.2189(3) 0.6715(3) 0.4621(2) 0.0306(7) Uani 11 d ...
H23A H -0.2268 0.7007 0.4088 0.037 Uiso 1 1 calc R . .
H23B H -0.2013 0.6000 0.4430 0.037 Uiso 1 1 calc R. .
C24 C -0.3496(3) 0.6528(3) 0.4877(2) 0.0321(7) Uani 1 1 d ...
H24A H -0.4218 0.595 8 0.4355 0.038 Uiso 11 calc R . .
H24B H -0.3732 0.7222 0.4991 0.038 Uiso 11 calc R . .
C25 C -0.3376(3) 0.6160(2) 0.5741(2) 0.0262(6) Uani 1 1 d ...
H25A H -0.3224 0.5432 0.5608 0.031 Uiso 11 calc R. .
H25B H -0.4220 0.6078 0.5913 0.031 Uiso 11 calc R . .
C26 C -0.2222(3) 0.7000(2) 0.6552(2) 0.0223(6) Uani 11 d ...
H26A H -0.2159 0.6744 0.7104 0.027 Uiso 1 1 calc R . .
H26B H -0.2395 0.7719 0.6706 0.027 Uiso 1 1 calc R . .
C31 C 0.2034(3) 0.7707(2) 0.7173(2) 0.0193(6) Uani 11 d ...
H31 H 0.1934 0.7021 0.7358 0.023 Uiso 11 calc R..
C32 C 0.2185(3) 0.7448(2) 0.6187(2) 0.0236(6) Uani 11 d ...
H32A H 0.2248 0.8107 0.5976 0.028 Uiso 11 calc R . .
H32B H 0.1396 0.6840 0.5755 0.028 Uiso 11 calc R . .
C33 C 0.3453(3) 0.7110(3) 0.6192(2) 0.0290(7) Uani 11 d ...
H33A H 0.3359 0.6427 0.6369 0.035 Uiso 11 calc R. .
H33B H 0.3562 0.6953 0.556 1 0.03 5 Uiso I I calc R . .
C34 C 0.4685(3) 0.8016(3) 0.6866(2) 0.0338(8) Uani 1 1 d ...
H34A H 0.4814 0.8686 0.6667 0.041 Uiso 11 calc R . .
H34B H 0.5480 0.7770 0.6863 0.041 Uiso I I calc R . .
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C35 C 0.4535(3) 0.8291(3) 0.7847(2) 0.0293(7) Uani 11 d ...
H35A H 0.4497 0.7642 0.8069 0.035 Uiso 11 calc R. .
H35B H 0.5323 0.8909 0.8269 0.035 Uiso 11 calc R. .
C36 C 0.3275(3) 0.8613(2) 0.7869(2) 0.0228(6) Uani 11 d ...
H36A H 0.3359 0.9312 0.7719 0.027 Uiso 11 calc R. .
H36B H 0.3170 0.8736 0.8501 0.027 Uiso 11 calc R. .
C41 C 0.0144(3) 0.7983(2) 0.83191(19) 0.0190(6) Uani 1 1 d...
C42 C -0.0580(3) 0.8677(2) 0.8644(2) 0.0199(6) Uani 1 1 d ...
02 0 -0.07226(19) 0.94835(16) 0.82171(14) 0.0221(4) Uani 11 d...
C53 C -0.1867(3) 0.9848(3) 0.8253(3) 0.0317(7) Uani 11 d ...
H53A H -0.2638 0.9215 0.8164 0.048 Uiso 1 1 calc R . .
H53B H -0.2058 1.0185 0.7763 0.048 Uiso 11 calc R..
H53C H -0.1685 1.0393 0.8858 0.048 Uiso 1 1 calc R . .
C43 C -0.1153(3) 0.8565(2) 0.9349(2) 0.0257(6) Uani l I d ...
H43 H -0.1596 0.9068 0.9576 0.03 1 Uiso 11 calc R . .
C44 C -0.1078(3) 0.7719(3) 0.9719(2) 0.0265(6) Uani 1 1 d ...
H44 H -0.1504 0.7620 1.0183 0.032 Uiso 1 1 calc R . .
C45 C -0.0383(3) 0.7014(2) 0.9415(2) 0.0226(6) Uani 11 d ...
03 0 -0.0296(2) 0.61465(17) 0.97362(14) 0.0255(4) Uani 11 d ...
C54 C -0.1214(3) 0.5796(3) 1.0229(2) 0.0293(7) Uani 11 d ...
H54A H -0.1011 0.6369 1.0821 0.044 Uiso 11 calc R . .
H54B H -0.1134 0.5110 1.0343 0.044 Uiso 11 calc R . .
H54C H -0.2125 0.5668 0.9860 0.044 Uiso 11 calc R . .
C46 C 0.0298(3) 0.7165(2) 0.87522(19) 0.0193(6) Uani 1 1 d ...
C47 C 0.1208(3) 0.6471(2) 0.8590(2) 0.0200(6) Uani 11 d ...
C48 C 0.2526(3) 0.6848(2) 0.9184(2) 0.0233(6) Uani 11 d ...
C55 C 0.3029(3) 0.7889(3) 1.0030(2) 0.0259(6) Uani 11 d ...
H55 H 0.2504 0.8393 0.9902 0.031 Uiso 11 calc R . .
C56 C 0.2784(3) 0.7591(3) 1.0892(2) 0.0307(7) Uani 1 1 d ...
H56A H 0.1825 0.7266 1.0788 0.046 Uiso 11 calc R..
H56B H 0.3131 0.8260 1.1430 0.046 Uiso 11 calc R. .
H56C H 0.3241 0.7058 1.1008 0.046 Uiso 11 calc R. .
C57 C 0.4509(3) 0.8526(3) 1.0254(2) 0.0339(7) Uani 11 d ...
H57A H 0.5051 0.8088 1.0469 0.051 Uiso 11 calc R . .
H57B H 0.4728 0.9230 1.0740 0.051 Uiso 11 calc R. .
H57C H 0.4697 0.8667 0.9696 0.051 Uiso 11 calc R . .
C49 C 0.3385(3) 0.6234(3) 0.9000(2) 0.0268(6) Uani 11 d ...
H49 H 0.4275 0.6491 0.9392 0.032 Uiso 11 calc R . .
C50 C 0.2984(3) 0.5258(3) 0.8262(2) 0.0271(7) Uani 11 d ...
C58 C 0.3955(3) 0.4635(3) 0.8018(2) 0.0330(7) Uani 11 d ...
H58 H 0.3441 0.3982 0.7459 0.040 Uiso 11 calc R . .
C59 C 0.5068(4) 0.5349(4) 0.7756(3) 0.0458(9) Uani 11 d ...
H59A H 0.559 1 0.6002 0.8288 0.069 Uiso 11 calc R . .
H59B H 0.4679 0.5582 0.7237 0.069 Uiso 11 calc R. .
H59C H 0.5650 0.4922 0.7573 0.069 Uiso 1 1 calc R. .
C60 C 0.4528(4) 0.4202(3) 0.8770(3) 0.0434(9) Uani 11 d ...
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H60A H 0.5111 0.4823 0.9311 0.065 Uiso 11 calc R . .
H60B H 0.5044 0.3733 0.8544 0.065 Uiso 11 calc R..
H60C H 0.3802 0.3769 0.8946 0.065 Uiso 11 calc R..
C51 C 0.1663(3) 0.4870(2) 0.7732(2) 0.0250(6) Uani 1 1 d ...
H51 H 0.1359 0.4186 0.7249 0.030 Uiso 11 calc R . .
C52 C 0.0764(3) 0.5447(2) 0.7882(2) 0.0216(6) Uani 11 d ...
C61 C -0.0689(3) 0.4940(2) 0.7290(2) 0.0249(6) Uani 1 1 d ...
H61 H -0.1080 0.5555 0.7288 0.030 Uiso 11 calc R..
C62 C -0.1497(3) 0.4158(3) 0.7707(2) 0.0324(7) Uani 11 d ...
H62A H -0.1147 0.3536 0.7704 0.049 Uiso 11 calc R . .
H62B H -0.2435 0.3879 0.7337 0.049 Uiso 11 calc R..
H62C H -0.1426 0.4559 0.8345 0.049 Uiso 11 calc R..
C63 C -0.0842(3) 0.4319(3) 0.6277(2) 0.0287(7) Uani 11 d ...
H63A H -0.0234 0.4783 0.6036 0.043 Uiso 11 calc R . .
H63B H -0.1762 0.4149 0.5903 0.043 Uiso 11 calc R . .
H63C H -0.0627 0.3631 0.6246 0.043 Uiso 11 calc R . .
loop_
_atomsiteanisolabel
_atomsiteaniso_U_11
_atomsiteaniso_U_22
_atomsiteaniso_U_33
_atomsiteaniso_U_23
_atomsiteaniso_U_13
_atom site aniso_U_12
Pdl 0.01824(11) 0.01760(11) 0.02294(12) 0.00684(8) 0.00880(8) 0.00397(7)
C1 0.0363(17) 0.0192(15) 0.0336(18) 0.0086(13) 0.0173(15) 0.0037(13)
Fl 0.0929(19) 0.0389(12) 0.0480(14) 0.0256(10) 0.0184(13) 0.0371(13)
F2 0.0449(12) 0.0243(10) 0.0643(15) 0.0024(9) 0.0228(11) 0.0022(9)
F3 0.0530(13) 0.0310(11) 0.0820(17) 0.0190(11) 0.0411(13) 0.0189(10)
Cl 10.0250(14) 0.0228(14) 0.0292(16) 0.0113(12) 0.0151(13) 0.0082(12)
C12 0.0254(15) 0.0265(15) 0.0246(16) 0.0089(12) 0.0096(13) 0.0037(12)
C13 0.0228(14) 0.0289(16) 0.0333(17) 0.0113(13) 0.0092(13) 0.0036(12)
C14 0.0326(16) 0.0298(16) 0.0317(17) 0.0167(13) 0.0162(14) 0.0113(13)
01 0.0344(12) 0.0376(13) 0.0366(13) 0.0162(10) 0.0197(11) 0.0083(10)
C17 0.0325(17) 0.045(2) 0.047(2) 0.0159(17) 0.0241(17) 0.0037(15)
C15 0.0351(17) 0.0306(17) 0.0253(16) 0.0133(13) 0.0114(14) 0.0110(13)
C16 0.0242(14) 0.0309(16) 0.0251(16) 0.0132(13) 0.0061(13) 0.0061(12)
P1 0.0142(3) 0.0195(3) 0.0177(3) 0.0062(3) 0.0065(3) 0.0045(3)
C21 0.0142(12) 0.0210(13) 0.0203(14) 0.0056(11) 0.0052(11) 0.0037(10)
C22 0.0194(13) 0.0271(15) 0.0233(15) 0.0090(12) 0.0057(12) 0.0039(11)
C23 0.0278(16) 0.0346(17) 0.0226(16) 0.0071(13) 0.0032(13) 0.0031(13)
C24 0.0227(15) 0.0310(17) 0.0330(18) 0.0071(14) 0.0007(14) 0.0009(13)
C25 0.0168(13) 0.0238(15) 0.0341(17) 0.0085(13) 0.0067(13) 0.0004(11)
C26 0.0182(13) 0.0228(14) 0.0268(16) 0.0084(12) 0.0091(12) 0.0049(11)
C31 0.0143(12) 0.0234(14) 0.0221(15) 0.0078(11) 0.0077(11) 0.0066(11)
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C32 0.0213(14) 0.0288(16) 0.0225(15) 0.0082(12) 0.0100(12) 0.0078(12)
C33 0.0262(15) 0.0382(18) 0.0250(16) 0.0061(13) 0.0121(13) 0.0136(14)
C34 0.0204(14) 0.046(2) 0.0361(19) 0.0081(15) 0.0144(14) 0.0115(14)
C35 0.0182(14) 0.0383(18) 0.0288(17) 0.0052(13) 0.0078(13) 0.0086(13)
C36 0.0170(13) 0.0294(15) 0.0211(15) 0.0065(12) 0.0060(12) 0.0068(12)
C41 0.0157(12) 0.0198(14) 0.0184(14) 0.0019(11) 0.0074(11) 0.0021(10)
C42 0.0198(13) 0.0193(14) 0.0214(14) 0.0078(11) 0.0083(11) 0.0037(11)
02 0.0207(9) 0.0199(10) 0.0321(11) 0.0110(8) 0.0141(9) 0.0092(8)
C53 0.0262(15) 0.0362(18) 0.049(2) 0.0234(15) 0.0212(15) 0.0186(14)
C43 0.0289(15) 0.0232(15) 0.0313(17) 0.0076(12) 0.0174(13) 0.0122(12)
C44 0.0300(15) 0.0287(16) 0.0265(16) 0.0098(12) 0.0179(13) 0.0097(13)
C45 0.0259(14) 0.0226(14) 0.0204(14) 0.0078(11) 0.0085(12) 0.0071(12)
03 0.0317(11) 0.0276(11) 0.0275(11) 0.0141(9) 0.0180(9) 0.0136(9)
C54 0.0379(17) 0.0294(16)
C46 0.0189(13) 0.0181(13)
C47 0.0246(14) 0.0217(14)
C48 0.0291(15) 0.0241(15)
C55 0.0264(15) 0.0279(16)
C56 0.0337(17) 0.0366(18)
C57 0.0308(17) 0.0371(19)
C49 0.0219(14) 0.0352(17)
C50 0.0332(16) 0.0298(16)
C58 0.0327(16) 0.0388(19)
0.0317(17) 0.0161(13)
0.0190(14) 0.0032(10)
0.0199(14) 0.0097(11)
0.0220(15) 0.0098(12)
0.0215(15) 0.0055(12)
0.0228(16) 0.0065(13)
0.0266(17) 0.0066(14)
0.0289(17) 0.0164(13)
0.0288(17) 0.0134(13)
0.0210(15) 0.0140(13)
0.0056(11) 0.0047(11)
0.0121(12) 0.0103(11)
0.0129(13) 0.0100(12)
0.0039(13) 0.0098(12)
0.0085(14) 0.0153(14)
0.0022(14) 0.0063(14)
0.0083(13) 0.0114(13)
0.0177(14) 0.0167(13)
0.0300(18) 0.0070(14) 0.0103(14) 0.0182(15)
C59 0.045(2) 0.059(2) 0.058(3) 0.026(2) 0.033(2) 0.0346(19)
C60 0.0413(19) 0.040(2) 0.054(2) 0.0138(17) 0.0127(18) 0.0219(17)
C51 0.0335(16) 0.0247(15) 0.0227(15) 0.0089(12) 0.0137(13) 0.0127(13)
C52 0.0265(14) 0.0236(14) 0.0197(14) 0.0106(11) 0.0107(12) 0.0091(12)
C61 0.0291(15) 0.0224(14) 0.0234(15) 0.0069(12) 0.0085(13) 0.0078(12)
C62 0.0316(16) 0.0310(17) 0.0310(17) 0.0074(13) 0.0107(14) 0.0041(13)
C63 0.0314(16) 0.0289(16) 0.0232(16) 0.0042(12) 0.0061(13) 0.0101(13)
_geom special details
All esds (except the esd in the dihedral angle between two l.s. planes)
are estimated using the full covariance matrix. The cell esds are taken
into account individually in the estimation of esds in distances, angles
and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic)
treatment of cell esds is used for estimating esds involving 1.s. planes.
loop_
_geombondatomsitelabel_1
_geombondatomsitelabel_2
_geombonddistance
geom-bond-site-symmetry_2
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_geom bondpublflag
Pdl C11 1.991(3). ?
Pdl Cl 2.081(3). ?
Pdl 02 2.2309(19). ?
Pdl P1 2.3263(7). ?
Cl Fl 1.350(4). ?
Cl F3 1.354(4). ?
Cl F2 1.391(4). ?
ClI C12 1.389(4). ?
C1I C16 1.401(4). ?
C12 C13 1.400(4). ?
C12 H12 0.9500. ?
C13 C14 1.385(5). ?
C13 H13 0.9500. ?
C14 01 1.375(4). ?
C14 C15 1.395(5). ?
01 C17 1.423(4). ?
C17 H17A 0.9800. ?
C17 H17B 0.9800. ?
C17 H17C 0.9800. ?
C15 C16 1.381(4). ?
C15 H15 0.9500. ?
C16 H16 0.9500. ?
P1 C31 1.845(3). ?
P1 C41 1.853(3). ?
P1 C21 1.868(3). ?
C21 C22 1.539(4). ?
C21 C26 1.543(4). ?
C21 H21 1.0000. ?
C22 C23 1.532(4). ?
C22 H22A 0.9900. ?
C22 H22B 0.9900. ?
C23 C24 1.525(4). ?
C23 H23A 0.9900. ?
C23 H23B 0.9900. ?
C24 C25 1.526(5). ?
C24 H24A 0.9900. ?
C24 H24B 0.9900. ?
C25 C26 1.533(4). ?
C25 H25A 0.9900. ?
C25 H25B 0.9900. ?
C26 H26A 0.9900. ?
C26 H26B 0.9900. ?
C31 C32 1.538(4). ?
C31 C36 1.538(4). ?
C31 H31 1.0000 . ?
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C32 C33 1.539(4) . ?
C32 H32A 0.9900. ?
C32 H32B 0.9900. ?
C33 C34 1.522(4). ?
C33 H33A 0.9900. ?
C33 H33B 0.9900. ?
C34 C35 1.531(4). ?
C34 H34A 0.9900. ?
C34 H34B 0.9900. ?
C35 C36 1.526(4). ?
C35 H35A 0.9900. ?
C35 H35B 0.9900. ?
C36 H36A 0.9900. ?
C36 H36B 0.9900. ?
C41 C42 1.410(4). ?
C41 C46 1.424(4). ?
C42 C43 1.387(4). ?
C42 02 1.402(3). ?
02 C53 1.437(3). ?
C53 H53A 0.9800. ?
C53 H53B 0.9800. ?
C53 H53C 0.9800. ?
C43 C44 1.382(4). ?
C43 H43 0.9500. ?
C44 C45 1.386(4). ?
C44 H44 0.9500. ?
C45 03 1.366(4). ?
C45 C46 1.410(4). ?
03 C54 1.431(3). ?
C54 H54A 0.9800. ?
C54 H54B 0.9800. ?
C54 H54C 0.9800. ?
C46 C47 1.514(4). ?
C47 C52 1.412(4). ?
C47 C48 1.415(4). ?
C48 C49 1.400(4). ?
C48 C55 1.535(4). ?
C55 C57 1.532(4). ?
C55 C56 1.540(4). ?
C55 H55 1.0000 . ?
C56 H56A 0.9800. ?
C56 H56B 0.9800. ?
C56 H56C 0.9800. ?
C57 H57A 0.9800. ?
C57 H57B 0.9800. ?
C57 H57C 0.9800. ?
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C49 C50 1.397(5). ?
C49 H49 0.9500. ?
C50 C51 1.385(4). ?
C50 C58 1.533(4) . ?
C58 C60 1.504(5). ?
C58 C59 1.528(5) . ?
C58 H58 1.0000. ?
C59 H59A 0.9800. ?
C59 H59B 0.9800. ?
C59 H59C 0.9800. ?
C60 H60A 0.9800. ?
C60 H60B 0.9800. ?
C60 H60C 0.9800. ?
C51 C52 1.394(4). ?
C51 H51 0.9500. ?
C52 C61 1.528(4). ?
C61 C62 1.536(4). ?
C61 C63 1.539(4). ?
C61 H61 1.0000. ?
C62 H62A 0.9800. ?
C62 H62B 0.9800. ?
C62 H62C 0.9800. ?
C63 H63A 0.9800. ?
C63 H63B 0.9800. ?
C63 H63C 0.9800. ?
loop_
_geom angle atomsitelabel_1
_geom2angle-atom site label_2
_geom angle atomsitelabel_3
_geom angle
geom-angle-sitesymmetry_1
_geom-angle-sitesymmetry_3
geom anglepublflag
C1I Pdl CI 84.43(12).. ?
C1I Pdl 02 174.75(10).. ?
C1 Pdl 02 99.64(10).. ?
Cl I Pdl P1 99.61(8) .. ?
C1 Pdl P1 175.22(9).. ?
02 Pdl P1 76.48(5).. ?
F1 C1 F3 106.5(3).. ?
F1 Cl F2 102.9(3).. ?
F3 C1 F2 101.7(2).. ?
Fl Cl Pdl 117.4(2).. ?
F3 C1 Pdl 113.3(2).. ?
F2 C1 Pdl 113.4(2).. ?
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C12 C1I C16 117.1(3).. ?
C12 C11 Pd1 120.1(2) .. ?
C16 C11 Pd1 122.8(2).. ?
C1I C12 C13 122.2(3).. ?
C11 C12 H12 118.9.. ?
C13 C12 H12 118.9.. ?
C14 C13 C12 119.3(3).. ?
C14 C13 H13 120.4.. ?
C12 C13 H13 120.4.. ?
01 C14 C13 124.8(3).. ?
01 C14 C15 115.6(3).. ?
C13 C14 C15 119.6(3).. ?
C14 01 C17 115.7(3) .. ?
01 C17 H17A 109.5.. ?
01 C17 H17B 109.5.. ?
H17A C17 H17B 109.5.. ?
01 C17 H17C 109.5.. ?
H17A C17 H17C 109.5.. ?
H17B C17 H17C 109.5.. ?
C16 C15 C14 120.1(3).. ?
C16 C15 H15 120.0.. ?
C14 C15 H15 120.0.. ?
C15 C16 Cl1 121.7(3).. ?
C15 C16 H16 119.1.. ?
C11 C16 H16 119.1.. ?
C31 P1 C41 108.86(13).. ?
C31 P1 C21 107.25(12).. ?
C41 P1 C21 103.29(12).. ?
C31 P1 Pdl 121.67(9).. ?
C41 P1 Pdl 103.23(9).. ?
C21 P1 Pdl 110.99(9).. ?
C22 C21 C26 108.7(2).. ?
C22 C21 P1 109.36(19).. ?
C26 C21 P1 113.33(19).. ?
C22 C21 H21 108.5 . . ?
C26 C21 H21 108.5 .. ?
P1 C21 H21 108.5 .. ?
C23 C22 C21 111.8(2).. ?
C23 C22 H22A 109.3.. ?
C21 C22 H22A 109.3.. ?
C23 C22 H22B 109.3.. ?
C21 C22 H22B 109.3.. ?
H22A C22 H22B 107.9. . ?
C24 C23 C22 111.5(3).. ?
C24 C23 H23A 109.3.. ?
C22 C23 H23A 109.3.. ?
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C24 C23 H23B 109.3.. ?
C22 C23 H23B 109.3.. ?
H23A C23 H23B 108.0.. ?
C23 C24 C25 110.8(3).. ?
C23 C24 H24A 109.5.. ?
C25 C24 H24A 109.5.. ?
C23 C24 H24B 109.5.. ?
C25 C24 H24B 109.5.. ?
H24A C24 H24B 108.1 .. ?
C24 C25 C26 110.8(2).. ?
C24 C25 H25A 109.5.. ?
C26 C25 H25A 109.5.. ?
C24 C25 H25B 109.5.. ?
C26 C25 H25B 109.5.. ?
H25A C25 H25B 108.1 .. ?
C25 C26 C21 110.7(2).. ?
C25 C26 H26A 109.5.. ?
C21 C26 H26A 109.5.. ?
C25 C26 H26B 109.5.. ?
C21 C26 H26B 109.5.. ?
H26A C26 H26B 108.1 .. ?
C32 C31 C36 111.2(2).. ?
C32 C31 P1 112.87(19).. ?
C36 C31 P1 107.91(18).. ?
C32 C31 H31 108.3.. ?
C36 C31 H31 108.3.. ?
P1 C31 H31 108.3.. ?
C31 C32 C33 109.0(2).. ?
C31 C32 H32A 109.9.. ?
C33 C32 H32A 109.9.. ?
C31 C32 H32B 109.9.. ?
C33 C32 H32B 109.9.. ?
H32A C32 H32B 108.3 .. ?
C34 C33 C32 111.4(3).. ?
C34 C33 H33A 109.4.. ?
C32 C33 H33A 109.4.. ?
C34 C33 H33B 109.4.. ?
C32 C33 H33B 109.4.. ?
H33A C33 H33B 108.0.. ?
C33 C34 C35 110.6(3).. ?
C33 C34 H34A 109.5.. ?
C35 C34 H34A 109.5.. ?
C33 C34 H34B 109.5.. ?
C35 C34 H34B 109.5.. ?
H34A C34 H34B 108.1 .. ?
C36 C35 C34 111.1(3).. ?
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C36 C35 H35A 109.4.. ?
C34 C35 H35A 109.4.. ?
C36 C35 H35B 109.4.. ?
C34 C35 H35B 109.4.. ?
H35A C35 H35B 108.0.. ?
C35 C36 C31 111.2(2) .. ?
C35 C36 H36A 109.4.. ?
C31 C36 H36A 109.4.. ?
C35 C36 H36B 109.4.. ?
C31 C36 H36B 109.4.. ?
H36A C36 H36B 108.0.. ?
C42 C41 C46 117.8(2) .. ?
C42 C41 P1 112.8(2) . . ?
C46 C41 P1 128.8(2) .. ?
C43 C42 02 120.6(2).. ?
C43 C42 C41 121.9(3) .. ?
02 C42 C41 117.5(2) . . ?
C42 02 C53 116.3(2).. ?
C42 02 Pdl 120.56(16) .. ?
C53 02 Pdl 122.58(18).. ?
02 C53 H53A 109.5 .. ?
02 C53 H53B 109.5.. ?
H53A C53 H53B 109.5 .. ?
02 C53 H53C 109.5 .. ?
H53A C53 H53C 109.5.. ?
H53B C53 H53C 109.5.. ?
C44 C43 C42 119.8(3) . . ?
C44 C43 H43 120.1.. ?
C42 C43 H43 120.1.. ?
C43 C44 C45 120.1(3) .. ?
C43 C44 H44 120.0.. ?
C45 C44 H44 120.0.. ?
03 C45 C44 123.1(3).. ?
03 C45 C46 115.7(2) .. ?
C44 C45 C46 121.2(3).. ?
C45 03 C54 117.5(2).. ?
03 C54 H54A 109.5 .. ?
03 C54 H54B 109.5.. ?
H54A C54 H54B 109.5 .. ?
03 C54 H54C 109.5 .. ?
H54A C54 H54C 109.5.. ?
H54B C54 H54C 109.5.. ?
C45 C46 C41 118.8(2).. ?
C45 C46 C47 116.5(3).. ?
C41 C46 C47 124.6(2).. ?
C52 C47 C48 119.4(3).. ?
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C52 C47 C46 121.7(3).. ?
C48 C47 C46 118.8(2).. ?
C49 C48 C47 118.5(3).. ?
C49 C48 C55 119.2(3).. ?
C47 C48 C55 122.2(3) .. ?
C57 C55 C48 114.1(3).. ?
C57 C55 C56 108.5(3).. ?
C48 C55 C56 110.4(3).. ?
C57 C55 H55 107.9.. ?
C48 C55 H55 107.9.. ?
C56 C55 H55 107.9.. ?
C55 C56 H56A 109.5 .. ?
C55 C56 H56B 109.5.. ?
H56A C56 H56B 109.5 .. ?
C55 C56 H56C 109.5 .. ?
H56A C56 H56C 109.5.. ?
H56B C56 H56C 109.5.. ?
C55 C57 H57A 109.5.. ?
C55 C57 H57B 109.5.. ?
H57A C57 H57B 109.5 .. ?
C55 C57 H57C 109.5 .. ?
H57A C57 H57C 109.5.. ?
H57B C57 H57C 109.5.. ?
C50 C49 C48 122.4(3).. ?
C50 C49 H49 118.8.. ?
C48 C49 H49 118.8 .. ?
C51 C50 C49 117.6(3).. ?
C51 C50 C58 120.1(3).. ?
C49 C50 C58 122.3(3).. ?
C60 C58 C59 110.5(3).. ?
C60 C58 C50 113.4(3).. ?
C59 C58 C50 110.9(3).. ?
C60 C58 H58 107.2.. ?
C59 C58 H58 107.2.. ?
C50 C58 H58 107.2.. ?
C58 C59 H59A 109.5.. ?
C58 C59 H59B 109.5.. ?
H59A C59 H59B 109.5 .. ?
C58 C59 H59C 109.5 .. ?
H59A C59 H59C 109.5.. ?
H59B C59 H59C 109.5.. ?
C58 C60 H60A 109.5.. ?
C58 C60 H60B 109.5.. ?
H60A C60 H60B 109.5 .. ?
C58 C60 H60C 109.5 .. ?
H60A C60 H60C 109.5 .. ?
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H60B C60 H60C 109.5 .. ?
C50 C51 C52 122.3(3).. ?
C50 C51 H51 118.8.. ?
C52 C51 H51 118.8 .. ?
C51 C52 C47 119.3(3).. ?
C51 C52 C61 119.0(3).. ?
C47 C52 C61 121.7(3) .. ?
C52 C61 C62 111.0(3).. ?
C52 C61 C63 113.1(2).. ?
C62 C61 C63 109.4(3).. ?
C52 C61 H61 107.7.. ?
C62 C61 H61 107.7.. ?
C63 C61 H61 107.7.. ?
C61 C62 H62A 109.5.. ?
C61 C62 H62B 109.5.. ?
H62A C62 H62B 109.5 .. ?
C61 C62 H62C 109.5 .. ?
H62A C62 H62C 109.5.. ?
H62B C62 H62C 109.5.. ?
C61 C63 H63A 109.5.. ?
C61 C63 H63B 109.5.. ?
H63A C63 H63B 109.5.. ?
C61 C63 H63C 109.5 .. ?
H63A C63 H63C 109.5.. ?
H63B C63 H63C 109.5.. ?
_diffrn_measuredfractionthetamax 0.962
_diffrn_refinsthetafull 67.73
_diffrn_measuredfractionthetafull 0.962
_refine diff density max 0.958
_refinediffdensitymin -0.384
_refinediffdensityrms 0.073
General Procedure for the Trifluoromethylation of (Hetero)aryl (Pseudo)halides (Table 3,
Scheme 6, Scheme 7, Table 4, Table 5, Table 6)
In a nitrogen-filled glovebox, an oven-dried resealable test tube equipped with a magnetic stir
bar was charged with all solid reagents. A premixed solution of Pd source and ligand in solvent
was added, followed by all liquid reagents. The tube was sealed with a Teflon-lined screw-cap,
taken out of the glove box, and placed in a preheated oil bath heated to the specified temperature.
The reaction was vigorously stirred for the specified time, then removed from the oil bath and
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cooled to room temperature. Internal standards were then added (dodecane for GC, 4-
fluorotouene for '9F NMR), and the reactions were analyzed by GC and 19F NMR. For Table 6,
the crude reaction mixture was diluted with Et 2O and filtered through a silica gel plug to remove
solids. The resulting solution was concentrated in vacuo and purified via the Biotage SP4 (silica-
packed 25 g snap cartridge).
CF3 The title compound was prepared according to the representative procedure with
with KF (116 mg, 2.0 mmol), hexyl 3-chlorobenzoate (241 mg, 1.0 mmol),
0 OHex
[allyl)PdCl] 2 (11.0 mg, 0.03 mmol), BrettPhos (48.3 mg, 0.09 mmol), and TESCF 3 (376 mL, 2.0
mmol) at 120 "C for 12 h. Concentration and purification via silica gel chromatography gave the
desired product as a colorless oil in 85% yield (232 mg). 'H NMR (400 MHz, CDCl3) S 8.30 (s,
1H), 8.22 (d, J= 7.8 Hz, 1H), 7.80 (d, J= 7.8 Hz, 1H), 7.57 (dd, J= 7.8, 7.8 Hz, 11), 4.35 (t, J=
6.7 Hz, 2H), 1.84-1.73 (m, 2H), 1.53-1.40 (m, 2H), 1.39-1.28 (m, 4H), 0.90 (t, J= 6.8 Hz, 3H);
3C NMR (101 MHz, CDCl3) 8 165.6, 133.0 (q, J= 1.1 Hz), 131.6, 131.2 (q, J= 32.9 Hz),
129.5 (q, J= 3.6 Hz), 129.2, 126.7 (q, J= 3.9 Hz), 123.9 (q, J= 272.4 Hz), 65.9, 31.6, 28.8,
25.9, 22.7, 14.2; '9F NMR (282 MHz, CDCl3) 6 -63.0; IR (neat): vmax = 2934, 1727, 1336,
1254, 1133 cm-1; Anal. Calcd. For C14H17F30 2, C 61.31, H 6.25 Found C 61.45, H 6.31.
CF3 5 mmol scale reaction
o N.
OHex The title compound was prepared according to the representative procedure with
KF (581 mg, 10.0 mmol), hexyl 4-chlorobenzoate (1.20 g, 5.0 mmol), [(allyl)PdCl] 2 (36.6 mg,
0.10 mmol), BrettPhos (161.0 mg, 0.30 mmol), and TESCF3 (1.88 mL, 10.0 mmol) in dioxane
(16.6 mL) at 120 *C for 12 h. Concentration and purification via silica gel chromatography gave
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the desired product as a colorless oil in 85% yield (1.17 g). 'H NMR (400 MHz, CDC 3) 6 8.13
(d, J= 8.2 Hz, 2H), 7.67 (d, J= 8.2 Hz, 2H), 4.33 (t, J= 6.7 Hz, 2H), 1.88-1.61 (in, 2H), 1.50-
1.40 (in, 2H), 1.36-1.23 (in, 4H), 0.88 (t, J= 6.7 Hz, 3H); 13 C NMR (101 MHz, CDCl 3) 6 165.5,
134.5 (q, J= 32.6 Hz), 133.9 (q, J= 1.0 Hz), 130.1, 125.5 (q, J= 3.7 Hz), 123.9 (q, J= 272.6
Hz), 65.8, 31.6, 28.8, 25.8, 22.7, 14.1; '9F NMR (282 MiHz, CDCl 3) 6 -63.4; IR (neat): vm. =
2934, 1727, 1327, 1277, 1133 cm'; Anal. Calcd. For C14 H17F30 2, C 61.31, H 6.25 Found C
60.99, H 6.28.
CF3 The title compound was prepared according to the representative procedure with
EtO /
OEt KF (116 mg, 2.0 mmol), 1-chloro-4-(diethoxymethyl)benzene (215 mg, 1.0
mmol), [(allyl)PdCl] 2 (11.0 Ing, 0.03 mmol), BrettPhos (48.3 mg, 0.09 mmol), and TESCF3 (376
mL, 2.0 mmol) in dioxane (3.3 mL) at 120 *C for 12 h. Concentration and purification via silica
gel chromatography gave the desired product as a colorless oil in 73% yield (181 mg). 'H NMR
(400 MHz, CDCl3 ) 6 7.64-7.59 (in, 4H), 5.54 (s, 1H), 3.65-3.51 (in, 4H), 1.25 (t, J = 7.1 Hz,
6H); 13 C NMR (101 MHz, CDC 3) 6 143.2 (q, J= 1.3 Hz), 130.6 (q, J= 32.3 Hz), 127.3, 125.4
(q, J= 3.8 Hz), 124.3 (q, J= 272.0 Hz), 100.8, 61.4, 15.3; '9F NMR (282 MHz, CDC3) 6 -62.8;
IR (neat): vma = 2979, 1326, 1166, 1128, 1067 cm1 .
O CF3 The title compound was prepared 
according to the representative procedure with
N KF (116 mg, 2.0 mmol), (4-chlorophenyl)(piperidin-lyl)methanone (224 mg, 1.0
mmol), [(allyl)PdCl] 2 (11.0 mg, 0.03 mmol), BrettPhos (48.3 mg, 0.09 mmol), and
TESCF 3 (376 mL, 2.0 mmol) in dioxane (3.3 mL) at 120 "C for 12 h. Concentration and
purification via silica gel chromatography gave the desired product as a light yellow solid in 93%
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yield (240 mg). 1H NMR (400 MHz, CDCl3) 6 7.56 (d, J= 8.0 Hz, 2H), 7.41 (d, J= 8.0 Hz,
2H), 3.62 (m, 2H), 3.19 (m, 2H), 1.57 (m, 4H), 1.41 (m, 2H); 13C NMR (101 MHz, CDCl3 ) 6
168.6, 140.1 (q, J= 1.3 Hz), 131.1 (q, J= 32.6 Hz), 127.1, 125.4 (q, J= 3.8 Hz), 123.7 (q, J=
272.3 Hz), 48.5, 43.0, 26.4, 25.4, 24.3; "9F NMR (282 MHz, CDCl3 ) 6 -63.1; IR (neat): vmax =
1626, 1444, 1325, 1277, 1111 cm~1; mp 98-99 *C; Anal. Calcd. For C13H14F3NO, C 60.70, H
5.49 Found C 60.35, H 5.44.
2 CF 3 The title compound was prepared according to the representative procedure with
Me KF (116 mg, 2.0 mmol), 5-chloro-2-nitrotoluene (172 mg, 1.0 mmol),
[(allyl)PdCl] 2 (11.0 Mg, 0.03 mmol), BrettPhos (48.3 mg, 0.09 mmol), and TESCF 3 (376 mL, 2.0
mmol) in dioxane (3.3 mL) at 130 *C for 10 h. Concentration and purification via silica gel
chromatography gave the desired product as a light yellow oil in 71% yield (146 mg). 1H NMR
(400 MHz, CDCl3) 6 8.03 (d, J= 8.2 Hz, 1H), 7.62 (s, 1H), 7.61 (d, J= 8.2 Hz, 1H), 2.64 (s,
3H); 13C NMR (101 MHz, CDC13) 6 151.5, 134.6 (q, J= 33.1 Hz), 134.5, 130.1 (q, J= 3.7 Hz),
125.3, 124.3 (q, J= 3.7 Hz), 123.2 (q, J= 273.0 Hz), 20.4 (q, J= 23.2 Hz); 19F NMR (282 MHz,
CDCl 3) 6 -63.4; IR (neat): vmax = 1532, 1329, 1133, 1097, 901 cm~1.
Ph The title compound was prepared according to the representative procedure
K]""a CF with KF (116 mg, 2.0 mmol), 6-chloro-2-phenylquinoline (239 mg, 1.0 mmol),
Pd(dba) 2 (35 mg, 0.06 mmol), BrettPhos (48 mg, 0.09 mmol), and TESCF3 (376 mL, 2.0 mmol)
in dioxane (3.3 mL) at 130 *C for 18 h. Concentration and purification via silica gel
chromatography gave the desired product as a colorless oil in 82% yield (223 mg). 1H NMR
(400 MHz, CDCl 3) d 8.28-8.21 (m, 2H), 8.20-8.16 (m, 2H), 8.11 (s, 1H), 7.93 (d, J= 8.5 Hz,
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1H), 7.88 (dd, J= 8.5, 1.0 Hz, 1H), 7.57-7.47 (in, 3H); 13C NMR (101 MHz, CDCl3 ) d 159.3,
149.3 (q, J= 1.0 Hz), 138.9, 137.5, 130.9, 130.0, 129.0, 127.9 (q, J= 32.0 Hz), 127.7, 126.1,
125.5 (q, J= 4.0 Hz), 125.3 (q, J= 3.0 Hz), 124.1 (q, J= 272.0 Hz), 120.1;' 9F NMR (282 MHz,
CDC 3) d -62.7; IR (neat): vma = 1601, 1448, 1354, 1307, 1166, 1152, 1113, 905, 841, 761 cm-
1; ; mp 120-122 *C; Anal. Calcd. For C16HioF 3N, C 70.33, H 3.69 Found C 70.15, H 3.66.
CF3 The title compound was prepared according to the representative procedure
N 
I
with KF (116 mg, 2.0 mmol), 2-(4-chlorophenyl)benzothiazole (246 mg, 1.0
mmol), [(allyl)PdCl] 2 (11.0 Ing, 0.03 mmol), BrettPhos (48.3 mg, 0.09 mmol), and TESCF3 (376
mL, 2.0 mmol) in dioxane (3.3 mL) at 130 *C for 12 h. Concentration and purification via silica
gel chromatography gave the desired product as a white solid in 90% yield (250 mg). 'H NMR
(400 MHz, CDC 3) 8 8.20 (d, J= 8.3 Hz, 2H), 8.12 (d, J= 8.1 Hz, 1H), 7.93 (d, J= 8.1 Hz, 1H),
7.75 (d, J= 8.3 Hz, 2H), 7.54 (dd, J= 8.1, 7.5 Hz, 1H), 7.44 (dd, J= 8.1, 7.5 Hz, 1H); 13C NMR
(101 MIHz, CDCl3) 8 166.2, 154.2, 136.9 (q, J= 1.3 Hz), 135.4, 132.6 (q, J= 32.8 Hz), 128.0,
126.9, 126.2 (q, J= 3.7 Hz), 126.0, 124.0 (q, J= 273.5 Hz), 123.8, 122.0; '9F NMR (282 MHz,
CDC13) 8 -63.1; mp 162-164 *C; IR (neat): vmax = 1484, 1408, 1318, 1159, 1112 cm-.
The title compound was prepared according to the representative procedure
/ " CF3 with KF (116 mg, 2.0 mmol), 9-benzyl-2-chloro-9H-carbazole (292 mg, 1.0
mmol), [(allyl)PdCl] 2 (11.0 mg, 0.03 mmol), BrettPhos (48.3 mg, 0.09 mmol), and TESCF3 (376
mL, 2.0 mmol) in dioxane (3.3 mL) at 130 *C for 6 h. Concentration and purification via silica
gel chromatography gave the desired product as a white solid in 72% yield (235 mg). 'H NMR
(400 MHz, CDCl3) 6 8.09 (d, J= 8.0 Hz, 1H), 8.06 (d, J= 8.0 Hz, 1H), 7.53 (s, 1H), 7.43-7.36
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(m, 2H), 7.28 (d, J= 8.3 Hz, 1H), 7.24-7.11 (m, 4H), 7.01 (dd, J= 7.7, 1.5 Hz, 2H), 5.42 (s, 2H);
"C NMR (101 MHz, CDCI3) 6 141.8, 140.0, 136.7, 129.1, 127.9, 127.9 (q, J= 31.9 Hz), 127.4,
126.5, 125.8 (q, J= 1.2 Hz), 125.1 (q, J= 272.2 Hz), 122.3, 121.2, 120.9, 120.2, 116.2 (q, J=
3.6 Hz), 109.6, 106.3 (q, J= 4.2 Hz), 46.9; '9F NMR (282 MHz, CDCl3 ) 6 -61.1; mp 115-116
*C; IR (neat): vmax = 1453, 1318, 1259, 1154, 1116 cm-1; Anal. Caled. For C20H14F3N, C 73.84,
H 4.34 Found C 73.86, H 4.31.
CF3 The title compound was prepared according to the representative procedure with
KF (116 mg, 2.0 mmol), 4-chlorobiphenyl (189 mg, 1.0 mmol), [(allyl)PdCl] 2
(11.0 mg, 0.03 mmol), BrettPhos (48.3 mg, 0.09 mmol), and TESCF3 (376 mL, 2.0 mmol) in
dioxane (3.3 mL) at 130 *C for 12 h. Concentration and purification via silica gel
chromatography gave the desired product as a white solid in 87% yield (193 mg). 'H NMR (400
MHz, CDC 3) 6 7.74-7.70 (m, 4H), 7.63 (dd, J= 7.1, 1.5 Hz, 2H), 7.51 (dd, J= 7.3, 7.1 Hz, 2H),
7.44 (tt, J= 7.3, 1.5 Hz, 1H); "C NMR (101 MHz, CDC 3) 6 144.9 (q, J= 1.4 Hz), 140.0, 129.5
(q, J= 32.6 Hz), 129.2, 128.4, 127.6, 127.5, 125.9 (q, J= 3.9 Hz), 124.5 (q, J= 271.8 Hz); '9F
NMR (282 MHz, CDCl3) 6 -62.6; IR (neat): vmax = 1614, 1328, 1114, 1073 cm-1; mp 70-71 *C;
Anal. Calcd. For C13H9F3, C 70.27, H 4.08 Found C 70.35, H 4.01.
Nj CF3 2 mmol scale reaction
The title compound was prepared according to the representative procedure with
KF (232 mg, 4.0 mmol), 4-chlorobenzonitrile (275 mg, 2.0 mmol), Pd(dba)2 (69.0 mg, 0.12
mmol), BrettPhos (96.6 mg, 0.18 mmol), and TESCF3 (752 mL, 4.0 mmol) in dioxane (6.7 mL)
at 130 *C for 12 h. Concentration and purification via silica gel chromatography gave the desired
product as a yellow oil in 72% yield (245 mg). 'H NMR (400 MHz, CDCl 3) 6 7.81 (d, J= 8.5
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Hz, 2H), 7.75 (d, J= 8.5 Hz, 2H); "C NMR (101 MHz, CDC 3) 6 134.7 (q, J= 32.9 Hz), 132.9,
126.3 (q, J= 3.6 Hz), 123.2 (q, J= 271.3 Hz), 117.6, 116.2; 19F NMR (282 MHz, CDC 3) 6 -
63.8; IR (neat): vma = 2235, 1322, 1068, 844 cm-.
CF 3 The title compound was prepared according to the representative procedure with
0 -
tBuO F KF (116 mg, 2.0 mmol), t-butyl 4-chloro-2-fluorobenzoate (231 mg, 1.0 mmol),
Pd(dba) 2 (34.5 mg, 0.06 mmol), BrettPhos (48.3 mg, 0.09 mmol), and TESCF 3 (376 mL, 2.0
mmol) in dioxane (3.3 mL) at 130 *C for 12 h. Concentration and purification via silica gel
chromatography gave the desired product as a light yellow oil in 72% yield (190 mg). 1H NIR
(400 MHz, CDC 3 ) 6 7.97 (dd, J= 8.2 Hz, 4JH-F = 7.6 Hz, 1H), 7.43 (d, J= 8.2 Hz, 1H), 7.37 (d,
3JH-F = 10.3 Hz, 1H), 1.60 (s, 9H); 13C NMR (101 MHz, CDC 3) 6 162.6 (d, J= 3.8 Hz), 161.5
(d, J= 261.4 Hz), 135.6 (qd, J= 33.6, 8.4 Hz), 132.9 (d, J= 1.4 Hz), 124.2 (dq, J= 10.4, 1.0
Hz), 123.0 (qd, J= 272.8, 2.4 Hz), 120.8 (dq, J= 7.9, 7.9 Hz), 114.7 (dq, J= 26.1, 3.8 Hz), 83.1,
28.3; '9F NMR (282 MHz, CDC13) 6 -63.8, -108.2; IR (neat): vmax = 2983, 1720, 1429, 1308,
1139 cm~1.
r CF3 The title compound was prepared according to the representative 
procedure with KF
oQ (116 mg, 2.0 mmol), 1-(benzyloxyl)-3-chlorobenzene (219 mg, 1.0 mmol), Pd(dba)2
(34.5 mg, 0.06 mmol), BrettPhos (48.3 mg, 0.09 mmol), and TESCF3 (376 mL, 2.0 mmol) in
dioxane (3.3 mL) at 130 *C for 12 h. Concentration and purification via silica gel
chromatography gave the desired product as a white solid in 88% yield (222 mg). 'H NMR (400
MHz, CDCl3 ) 6 7.36-7.24 (in, 6H), 7.14 (s, 1H), 7.14 (d, J= 9.8 Hz, 1H), 7.05 (d, J= 8.0 Hz,
1H), 5.00 (s, 2H); 3 C NMR (101 MHz, CDC 3) 6 159.1, 136.4, 132.1 (q, J= 32.2 Hz), 130.2,
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128.9, 128.4, 127.8, 124.2 (q, J= 272.0 Hz), 118.5 (q, J= 1.1 Hz), 117.8, (q, J= 3.9 Hz), 111.9
(q, J= 4.0 Hz), 70.5; '9F NMR (282 MHz, CDCl 3) 6 -62.9; IR (neat): vmax = 1599, 1448, 1322,
1238, 1176, 1110 cm 1; mp 62-64 *C; Anal. Caled. For C 14HIIF 30, C 66.66, H 4.40 Found C
66.91, H 4.42.
qy.CF3 The title compound was prepared according to the representative procedure with KF
N (116 mg, 2.0 mmol), 1-(3-chlorophenyl)piperidine (196 mg, 1.0 mmol), Pd(dba)2
a (34.5 mg, 0.06 mmol), BrettPhos (48.3 mg, 0.09 mmol), and TESCF3 (376 mL, 2.0
mmol) in dioxane (3.3 mL) at 130 *C for 12 h. Concentration and purification via silica gel
chromatography gave the desired product as a colorless oil in 85% yield (195 mg). 'H NMR
(400 MHz, CDC 3) 6 7.33 (dd, J= 8.0, 7.6 Hz, 1H), 7.14 (s, 1H), 7.08 (d, J= 8.0 Hz, 1H), 7.05
(d, J= 7.6 Hz, 1H), 3.22 (t, J= 5.4 Hz, 4H), 1.75-1.70 (m, 4H), 1.64-1.58 (m, 2H); 3 C NMR
(101 MHz, CDCl3) 8 152.4, 131.5 (q, J= 31.4 Hz), 129.6, 124.6 (q, J= 272.4 Hz), 119.3, 115.3
(q, J= 3.9 Hz), 112.7 (q, J= 4.3 Hz), 50.3, 25.8, 24.4; '9F NMR (282 MHz, CDC13 ) 6 -62.9; IR
(neat): vma = 2939, 1610, 1450, 1319, 1122 cm-1.
CFa The title compound was prepared according to the representative procedure with
KF (116 mg, 2.0 mmol), 1-(4-chlorophenyl)-pyrrole (178 mg, 1.0 mmol),
Pd(dba)2 (34.5 mg, 0.06 mmol), BrettPhos (48.3 mg, 0.09 mmol), and TESCF 3 (376 mL, 2.0
mmol) in dioxane (3.3 mL) at 130 *C for 12 h. Concentration and purification via silica gel
chromatography gave the desired product as a white solid in 90% yield (190 mg). 'H NMR (400
MHz, CDCl 3) 6 7.70 (d, J= 8.3 Hz, 2H), 7.50 (d, J= 8.3 Hz, 2H), 7.15 (s, 2H), 6.41 (s, 2H); 13C
NMR (101 MHz, CDC13) 6 143.4 (q, J= 1.4 Hz), 127.6 (q, J= 32.9 Hz), 127.1 (q, J= 3.8 Hz),
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124.2 (q, J= 271.8 Hz), 120.2, 119.3, 111.7; 'F NMR (282 MHz, CDC 3) 6 -62.4; IR (neat):
vmea = 1622, 1342, 1174, 1116, 834 cm-1; mp 112-114 *C; Anal. Caled. For Cn1H8F3N, C 62.56,
H 3.82 Found C 62.46, H 3.71.
CF3 The title compound was prepared according to the representative procedure with KF
(116 mg, 2.0 mmol), 1-chloronapthalene (168 mg, 1.0 mmol), Pd(dba)2 (35 mg, 0.06
mmol), BrettPhos (64 mg, 0.12 mmol), and TESCF3 (376 mL, 2.0 mmol) in dioxane (3.3 mL) at
130 *C for 18 h. Concentration and purification via silica gel chromatography gave the desired
product as a colorless oil in 84% yield (163 mg). 1H NMR (400 MHz, CDC 3) 6 8.23 (ddd, J =
5.5, 2.0, 1.0 Hz, 1H), 8.03 (d, J= 8.3 Hz, 1H), 7.93 (dd, J= 5.8, 3.1 Hz, 1H), 7.89 (d, J= 7.3 Hz,
IH), 7.69-7.56 (m, 2H), 7.55-7.48 (dd, J = 5.8, 3.1 Hz, 1H); 13 C NMR (101 MHz, CDCl3) 6
133.9, 132.8 (q, J= 1.0 Hz), 129.0 (q, J= 1.1 Hz), 128.8, 127.7, 126.6, 126.1 (q, J= 32.0 Hz),
124.7 (q, J= 242.2 Hz), 124.7 (q, J= 6.0 Hz), 124.3 (q, J = 2.4 Hz), 124.1; '9F NMR (282
MHz, CDCl3)8 -60.1; IR (neat): vma, = 3061, 1586, 1515, 1355, 1316, 1262, 1202, 1119, 977,
803, 775 cm-.
CF3  The title compound was prepared according to the representative procedure with KF
bQ (116 mg, 2.0 mmol), 1-benzyl-4-chloroindole (242 mg, 1.0 mmol), Pd(dba)2 (35 mg,
Bn
0.06 mmol), BrettPhos (48 mg, 0.09 mmol), and TESCF3 (376 mL, 2.0 mmol) in dioxane (3.3
mL) at 130 *C for 12 h. Concentration and purification via silica gel chromatography gave the
desired product as a colorless oil in 83% yield (228 mg). 'H NMR (400 MHz, CDCl3) d 7.29 (d,
J= 7.7 Hz, 2H), 7.19-7.12 (m, 3H), 7.10 (d, J= 3.0 Hz, 1H), 7.06 (t, J= 8.0 Hz, 1H), 6.97-6.92
(m, 2H), 6.62 (s, 1H), 5.17 (s, 2H); 13 C NMR (101 MHz, CDC 3) d 136.9, 136.8, 130.1, 129.0,
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128.0, 126.8, 125.2 (q, J= 272.0 Hz), 125.1 (q, J= 2.1 Hz), 122.0 (q, J= 32.0 Hz), 121.0, 117.2
(q, J= 5.0 Hz), 113.5 (q, J= 1.0 Hz), 110.7 (q, J= 1.0 Hz), 50.3; '9F NMR (282 MHz, CDCl3)
d -55.8; IR (neat): vm.a= 3033, 1614, 1512, 1440, 1315, 1175, 1115, 913, 751 cm-1; ; mp 43-44
*C; Anal. Caled. For C16H12F3N, C 69.81, H 4.39 Found C 69.42, H 4.32.
o CF3 The title compound was prepared according to the representative procedurePh
with KF (116 mg, 2.0 mmol), 6-chloro-2-phenylbenzofuran (229 mg, 1.0
mmol), Pd(dba) 2 (34.5 mg, 0.06 mmol), BrettPhos (48.3 mg, 0.09 mmol), and TESCF3 (376 mL,
2.0 mmol) in dioxane (3.3 mL) at 130 *C for 12 h. Concentration and purification via silica gel
chromatography gave the desired product as a white solid in 87% yield (228 mg). 'H NMR (400
MHz, CDC13) 8 7.88 (dd, J= 8.1, 2.0 Hz, 2H), 7.80 (s, 1H), 7.64 (dd, J= 8.1, 1.0 Hz, 1H), 7.51
(dd, J= 8.1, 1.0 Hz, 1H), 7.49 (dd, J= 8.1, 7.3 Hz, 2H), 7.42 (tt, J= 7.3, 2.0 Hz, 1H), 7.03 (s,
1H); 3 C NMR (101 MHz, CDCl3) 6 158.7, 154.0, 132.4 (q, J= 1.2 Hz), 129.8, 129.5, 129.1,
126.4 (q, J= 32.5 Hz), 125.4, 124.7 (q, J= 271.9 Hz), 121.4, 120.1 (q, J= 3.7 Hz), 108.9 (q, J=
4.3 Hz), 101.2; '9F NMR (MHz, CDCl3 ) 8 -61.5; IR (neat): vmax = 1338, 1157, 1110, 836, 768
cm~1; mp 120-121 *C; Anal. Caled. For C15H9F30, C 68.70, H 3.46 Found C 68.64, H 3.39.
CF3 The title compound was prepared according to the representative procedure with
KF (116 mg, 2.0 mmol), 9-chloroanthracene (213 mg, 1.0 mmol), [(allyl)PdCl] 2
(14.8 mg, 0.04 mmol), RuPhos (56 mg, 0.12 mmol), and TESCF3 (376 mL, 2.0 mmol) in
dioxane (3.3 mL) at 140 *C for 24 h. Concentration and purification via silica gel
chromatography gave the desired product as a colorless oil in 90% yield (221 mg). 'H NMR
(400 MHz, CDC 3) d 8.59-8.52 (in, 3H), 7.99 (dq, J= 8.0, 0.7 Hz, 2H), 7.60 (ddd, J= 9.5, 6.5,
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1.4 Hz, 2H), 7.50 (dd, J = 8.0, 6.5 Hz, 2H); 13C NMR (101 MHz, CDCl 3) d 133.4, 131.1, 129.6
(q, J= 1.5 Hz), 129.2, 127.9 (q, J= 1.0 Hz), 126.8 (q, J= 274.0 Hz), 125.1, 124.5, (q, J= 6.0
Hz), 120.1 (q, J = 28.0 Hz); "'F NMR (282 MHz, CDCl3) d -49.0; IR (neat): vm.a = 3057,
1626, 1526, 1490, 1356, 1209, 1105, 946, 732 cm~1; mp 47-48 *C; Anal. Calcd. For C15H9F3, C
73.17, H 3.68 Found C 73.47, H 3.55.
CF 3  The title compound was prepared according to the representative procedure with
Me
KF (116 mg, 2.0 mmol), 2-methyl-3-phenyl-chlorobenzene (202 mg, 1.0 mmol),
[(allyl)PdCl] 2 (14.8 mg, 0.04 mmol), RuPhos (56 mg, 0.09 mmol), and TESCF3
(376 mL, 2.0 mmol) in dioxane (3.3 mL) at 140 *C for 24 h. Concentration and purification via
silica gel chromatography gave the desired product as a colorless oil in 87% yield (205 mg). 'H
NMR (400 MiHz, CDCl3) d 7.64 (d, J= 7.7 Hz, 1H), 7.46-7.25 (in, 7H), 2.34 (s, 3H); 13C NMR
(101 MiHz, CDCl3) d 144.3, 141.1, 134.4 (q, J= 1.5 Hz), 133.5 (q, J= 1.0 Hz), 129.6 (q, J=
29.0 Hz), 129.3, 128.4, 127.4, 125.4, 124.8 (q, J 274.0 Hz), 125.1 (q, J= 6.0 Hz), 16.7 (q, J=
2.5 Hz); '9F NMR (282 MHz, CDC13) d -61.5; IR (neat): vma = 3062, 1590, 1455, 1325, 1211,
1122, 1047, 1005, 806, 763 cm-1.
CF3 Bn The title compound was prepared according to the representative procedure with KF
(116 mg, 2.0 mmol), 1-benzyl-7-chloroindole (242 mg, 1.0 mmol), [(allyl)PdCl] 2
(14.8 mg, 0.04 mmol), RuPhos (56 mg, 0.09 mmol), and TESCF3 (376 mL, 2.0 mmol) in
dioxane (3.3 mL) at 140 *C for 24 h. Concentration and purification via silica gel
chromatography gave the desired product as a colorless oil in 78% yield (215 mg). 'H NMR
(400 MHz, CDCl3) d 7.88 (d, J= 7.9 Hz, 1H), 7.62 (d, J= 7.5 Hz, 1H), 7.35-7.28 (in, 3H), 7.21
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(t, J= 7.5 Hz, 1H), 7.09 (d, J= 3.3 Hz, 1H), 7.05-7.01 (m, 2H), 6.70 (d, J= 3.3 Hz, 1H), 5.56 (s,
2H); 13C NMR (101 MHz, CDCl3) d 138.2. (q, J= 2.0 Hz), 131.9 (q, J= 2.0 Hz), 131.8, 131.5,
128.8, 127.6, 126.8, 125.9, 124.8 (q, J= 272.0 Hz), 121.1 (q, J= 6.5 Hz), 118.7, 113.5 (q, J=
32.0 Hz), 103.5, 52.0 (q, J= 5.0 Hz); 19F NMR (282 MHz, CDCl3) d -55.8; IR (neat): vma =
1528, 1496, 1434, 1313, 1164, 1111, 946, 800, 725 cm; ; mp 45-47 *C; Anal. Caled. For
C16H12F3N, C 69.81, H 4.39 Found C 69.49, H 4.33.
B" The title compound was prepared according to the representative procedure with
~ F3
C- KF (116 mg, 2.0 mmol), 9-benzyl-1-chloro-9H-carbazole (292 mg, 1.0 mmol),
[(allyl)PdCl] 2 (14.6 mg, 0.04 mmol), RuPhos (56.0 mg, 0.12 mmol), and TESCF 3 (376 mL, 2.0
mmol) in dioxane (3.3 mL) at 140 "C for 20 h. Concentration and purification via silica gel
chromatography gave the desired product as a white solid in 86% yield (280 mg). 'H NMR (400
MHz, CDCl3) 6 8.42 (d, J= 7.7 Hz, 1H), 8.24 (d, J= 7.7 Hz, 1H), 7.93 (d, J= 7.7 Hz, 1H), 7.52
(dd, J= 7.7, 7.7 Hz, 1H), 7.42 (d, J= 7.3 Hz, 1H), 7.39 (d, J= 7.9 Hz, 1H), 7.37-7.28 (m, 4H),
7.11 (d, J= 7.9 Hz, 2H), 5.85 (s, 2H); 13C NMR (101 MHz, CDCl 3) 6 141.9, 137.4 (q, J= 1.0
Hz), 136.8 (q, J= 1.4 Hz), 128.7, 127.2, 127.1, 126.2, 125.7, 124.8 (q, J= 271.4 Hz), 124.6 (q, J
= 6.5 Hz), 124.5, 122.7, 120.6, 120.1, 118.5, 112.7 (q, J= 32.2 Hz), 110.7, 48.7 (q, J= 5.2 Hz);
'
9F NMR (282 MHz, CDC13) 6 -55.3; IR (neat): vma = 1425, 1326, 1292, 1195, 1110 cm-; mp
85-87 *C; Anal. Caled. For C20H14F3N, C 73.84, H 4.34 Found C 73.64, H 4.25.
CF3 The title compound was prepared according to the representative procedure with KF
(116 mg, 2.0 mmol), 2-cyclopentyl-chlorobenzene (180 mg, 1.0 mmol),
[(allyl)PdClI 2 (14.8 mg, 0.04 mmol), RuPhos (56 mg, 0.09 mmol), and TESCF 3 (376 mL, 2.0
mmol) in dioxane (3.3 mL) at 140 "C for 24 h. Concentration and purification via silica gel
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chromatography gave the desired product as a colorless oil in 77% yield (164 mg). 1H NMR
(400 MHz, CDC 3) 6 7.57 (dd, J= 7.9, 0.6 Hz, 1H), 7.50-7.38 (m, 2H), 7.27-7.12 (m, 1H), 3.35
(tt, J= 9.2, 8.2 Hz, 1H), 2.20-1.97 (m, 2H), 1.91-1.78 (m, 2H), 1.76-1.65 (m, 2H), 1.64-1.51 (m,
2H); "C NMR (101 MHz, CDC13) 6 146.3 (q, J= 1.5 Hz), 131.9 (q, J= 1.1 Hz), 128.4 (q, J=
29.0 Hz), 127.9, 125.5, 125.35 (q, J= 6.0 Hz), 124.7 (q, J= 273.9 Hz), 41.0 (q, J= 1.9 Hz),
36.01, 26.14; "F NMR (282 MHz, CDC13) d -59.2; IR (neat): vmax = 2956, 1609, 1454, 1314,
1120, 1061, 1036, 766 cm-1.
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Chapter 2 - Copper-Mediated Oxidative Trifluoromethylation of
(Hetero)aryl Boronic Acids
150
2.1 Introduction
As our palladium-catalyzed system detailed in Chapter 1 is the only method for the
trifluoromethylation of aryl chlorides, it represents an indispensible tool for the synthetic
chemist. However, this does not mean the chemistry is accessible to everyone. TESCF 3 is an
expensive reagent (approximately $35 per gram when purchased in bulk from Gelest) and can be
difficult to obtain in large quantities. Also, medicinal chemists often do not have access to
nitrogen-filled glove boxes for reaction setup. Thus we decided to also investigate a
conceptually divergent approach to aryl-trifluoromethyl bond formation to search for a milder,
more economical, and user-friendly method.
While there are few reports of palladium-mediated trifluoromethylation protocols,
copper-mediated processes have been studied extensively. Pioneering investigations by Burton
shed light on the instability and complexity of [Cu-CF 3].' Matsui's use of trifluoroacetate salts2
and Chen's methyl fluorosulphonyldifluoroacetate 3 have been shown to be attractive sources of
trifluoromethyl anion for copper-mediated couplings with aryl iodides. Schlosser's
trifluoromethylation of pyridine iodides proceeds at room temperature, but to date its substrate
scope is narrow. 4 Vicic illustrated the ability of ligands to stabilize [Cu-CF 3]. 5'6 This concept was
further expanded upon in an important paper by Amii that disclosed the first copper-catalyzed
trifluoromethylation process of aryl iodides.7 As is the case with many copper-based cross-
coupling reactions, these techniques are applicable to aryl iodides or activated aryl bromides,
providing complementary reactivity to palladium-based systems. While substantial progress has
been made, the development of alternate copper-mediated trifluoromethylations remains an
attractive goal.
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Recently, Qing reported a method for the copper-mediated oxidative trifluoromethylation
of alkynes.8 Analogous to this transformation, we postulated that a copper-mediated oxidative
coupling could be used to access benzotrifluorides. One of the most notable copper-promoted
oxidative couplings is the Chan-Lam reaction,9-11 where an aryl boronic acid is coupled with an
amine or alcohol, typically at room temperature. The mild conditions of a Chan-Lam-type
coupling would be an advantage relative to those employed in the methods currently available
for benzotrifluoride synthesis. Due to its potential utility, we began investigating the
development of a system for the room temperature oxidative trifluoromethylation of aryl boronic
acids (Scheme 1).
Cu(II), base NR'2
B(OH)2 HNR 2, [0] R-
Cu(II), L CF 3
%F 3, [0] R-
Scheme 1: Chan-Lam coupling (top) and proposed oxidative aryl trifluoromethylation (bottom)
During the final stages of our investigations, Qing described the first oxidative
trifluoromethylation of aryl and vinyl boronic acids to afford the Csp2-CF 3 products in high
yields.' 2 While a notable achievement, this method requires use of a nitrogen-filled glove box,
highly air-sensitive [Cu(OTf)]2 *C6H6, 5 equivalents of trifluoromethyltrimethylsilane (TMSCF 3),
the slow addition of the boronic acid substrate, and use of superstoichiometric quantities of
Ag 2 CO3 as the reoxidant. Herein, we report a complementary method for the oxidative
trifluoromethylation of aryl and heteroaryl boronic acids that ameliorates many of these
limitations and provides a useful means to prepare benzotrifluorides.
2.2 Results and Discussion
We commenced our studies by examining the trifluoromethylation of 4-
phenoxyphenylboronic acid under typical Chan-Lam-type conditions (Table 1). Using one
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equivalent of Cu(OAc) 2, 2.2 equivalents of NEt3, and TMSCF3 as the trifluoromethylating
reagent in an atmosphere of air, 5% of benzotrifluoride product was observed (Entry 1).
In accord with a bevy of literature precedent for copper-mediated aryl trifluoromethylation
Table 1: Optimization of the Copper-mediated Oxidative Trifluoromethylation of Aryl Boronic
Acidsa,b
Cu(lI) salt
B(OH)2 Cgand H CF 3  C1
PhO TMSCF 3, CsF PhO PhO PhO4A MS, DCE, rt POO POJ h'
1 2 3
Entry Cu Source Ligand Atmosphere 1b 2b 3
1 Cu(OAc) 2  NEtc Air 42% 5% 0%
2 Cu(OAc) 2  1,10-phen Air 24% 45% 0%
3 Cu(OAc) 2  1,10-phen 02 1% 71% 5%
4 CuCl2  1,10-phen 02 1% 24% 32%
5 Cu(OAc) 2  1,10-phen 02 58% 21% 0%
6 Cu(OAc) 2  1,10-phen N2  30% 20% 0%
7 None 1,10-phen 02 5% 0% 0%
8 Cu(OAc) 2  1,1 0-phen 02 7% 60% 4%
9f Cu(OAc) 2  1,10-phen 02 34% 11% 2%
10g Cu(OAc) 2  1,1 0-phen 02 0% 6 7%h 0%
'Reactions conditions: ArB(OH)2 (1 mmol), Cu(OAc) 2 (1 mmol), ligand (1.1 mmol), TMSCF3 (2
mmol), CsF (2 mmol), 4 A mol sieves (250 mg), 5 mL 1,2-dichloroethane (DCE), 1 atm air, 02
or N2 . "Yields determined by gas chromatography using dodecane as an internal standard. '2.2
equiv dT = 60 *C. "No 4 A mol sieves. No 4 A mol sieves, 5 equiv H20. 9Solvent = i-PrCN.
Benchtop setup, isolated yield, average of 2 runs.
reactions, addition of 1,1 0-phenanthroline as a ligand substantially increased the yield of
2 to 45% (Entry 2). In addition to the desired product, a significant amount of arene 1 (24%), via
protodeboronation, was formed. Switching to an atmosphere of dry oxygen resulted in
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substantially less arene formation (1%) and increased the yield of the desired product to 71%
(Entry 3). The use of oxygen as the stoichiometric reoxidant has obvious advantages in terms of
efficiency and cost relative to the use of Ag 2 CO 3. An examination of different copper sources
revealed that the use of Cu halides resulted in the formation of significant quantities of aryl
halide by-product 3 (Entry 4). Even when using a copper source without a halide counterion
[e.g., Cu(OAc) 2], a 5% yield of aryl chloride was still observed, presumably due to halide
transfer from the dichloroethane solvent. As the separation of aryl chloride byproducts from the
desired trifluoromethylarenes was problematic, we explored the use of a variety of non-
chlorinated solvents. Of these, isobutyronitrile (i-PrCN) proved best, providing a 67% yield of
benzotrifluoride product with no observed products of protodeboronation or chlorination (Entry
10). 13
Table 2: Oxidative Trifluoromethylation of (Hetero)aryl Boronic Acidsa,b
Cu(OAc) 2B(OH)2 phenanthroline CF3
R- ] C+ TMSCF3 R-
CsF, 0 2 (1 atm) .
DCE or i-PrCN
4 A MS, rt
Entry Product Solvent Time (h) Yield
1 I CFa i-PrCN 1 67% (61%)c
PhO
2 F y CF3 i-PrCN 3 68%
BnOr)C
3 0 i-PrCN 3 67%
MeO ",a CF3
4 CF3  i-PrCN 2 60%
Br
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Entry Product Solvent Time (h) Yield
5 r CF3 i-PrCN 1 46%
6 0 i-PrCN 3 58%
Me kf F3
7 *;zt CrF3 i-PrCN 3 55%
TBSO
8 yCF 3  i-PrCN 3 54%
n-Bu
9 H CF3 i-PrCN 3 34%
Boc N,,
10 F 3 C > i-PrCN 4 44%
Me
11 Fc DCE 4 68
Me
12 CF3  DCE 3 48%
TIPS
+bps
13 CF3  DCE 1 64%
14 CF3 DCE 1 45%
15 CF3  DCE 1 61%
3oc
16 MeO CF3 DCE 4 53%
N OMe
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Entry Product Solvent Time (h) Yield
17 CF3 i-PrCN 3 38%
N
18 CF3 DCE 3 61%d
C N
aReaction conditions: ArB(OH) 2 (1 mmol), Cu(OAc) 2 (1 mmol), 1,10-phenanthroline (1.1
mmol), TMSCF 3 (2 mmol), CsF (2 mmol), 4 A mol sieves (250 mg/mmol ArB(OH) 2), solvent 5
mL/mmol ArB(OH) 2. bIsolated yields; average of 2 runs. '10 mmol scale. d 19F NMR yield,
average of 2 runs, chromatographically inseparable from 5-10% aryl chloride byproduct.
With optimal conditions in hand, we investigated the scope of this transformation (Table
2). Electron-rich and -deficient aryl boronic acids can be trifluoromethylated in moderate to
good yields on both 1 mmol and 10 mmol scales (Table 2). Arenes bearing substitution in the
ortho position (Entries 4, 5, 13, 15, 16) are typically difficult substrates for copper-mediated
cross-coupling processes. 14 Thus, we were pleased that these substrates provided the
corresponding trifluoromethyl arenes in good yield. We note that in some cases (Entry 5), biaryl
formation via oxidative homocoupling of the aryl boronic acids is seen as a by-product.
Five- and six-membered heteroaryl boronic acids can also be trifluoromethylated.
Whereas unprotected indoles gave poor results,15 both N-methyl (Entries 10, 11) and N-Boc
(Entry 15) indoles were competent substrates. It should be noted that since five-membered
heteroaryl boronic acids substituted at the 2-position are more prone to protodeboronation,1 6
-10-20% heteroarene is also observed.
In contrast to other methods for benzotrifluoride synthesis, the mild conditions of this
method provide a high level of functional group tolerance. While aromatic iodides are not
compatible with the method, boronic acids bearing chloro (Entry 3) or bromo (Entry 4) groups
are acceptable substrates, providing convenient handles for subsequent functionalization
processes. Substrates containing aldehydes or ketones are problematic for many
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trifluoromethylation methods. This is due to their tendency to undergo competitive 1,2-addition
of the trifluoromethyl anion to yield a-trifluoromethyl alcohols.17 While substrates bearing
aldehyde moieties were not viable for our method, a boronic acid bearing a methyl ketone
chemoselectively provided the trifluoromethylarene (Entry 6). Although silyl protecting groups
are ubiquitous in organic synthesis, high reaction temperatures in conjunction with fluoride
activators have prevented their use in trifluoromethylation chemistry. The mild conditions of our
method allows for the efficient trifluoromethylation of boronic acids containing a tert-
butyldimethylsilyl-protected phenol (Entry 7) and an N-triisopropylsilyl-protected pyrrole (Entry
8).
2.3 Conclusion
In summary, we have developed a room temperature method for the oxidative
trifluoromethylation of aryl and heteroaryl boronic acids. The mild reaction conditions allow for
high functional group compatibility previously unseen in trifluoromethylation chemistry.
Moreover, the ability to conduct the reaction under typical benchtop conditions and the use of
oxygen as the stoichiometric reoxidant will make this method of use to medicinal and academic
chemists.
2.4 Experimental
General Reagent Information
Unless otherwise specified, reactions were carried out in screw-cap test tubes with Teflon seals.
1,10-phenanthroline (>99%) were purchased from Aldrich Chemical Company and used as
received. Copper(II) acetate (anhydrous, min. 97%) was purchased from Strem Chemicals, Inc.
and used as received. Isobutyronitrile was purified by distillation from CaH2 onto activated 4 A
molecular sieves. Cesium fluoride (99%) was finely ground in a mortar and pestle, and dried at
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200 *C under vacuum for 24 hours. Bulk quantities of copper(II) acetate and dried cesium
fluoride were stored in a nitrogen-filled glovebox. Periodically, portions of copper(II) acetate
and dried cesium fluoride were removed from the glovebox in small glass vials, stored in a
benchtop dessicator, and weighed out in the air. All other reagents were purchased from
commercial sources and used as received.
General Analytical Information
All compounds were characterized by 'H NMR, 3 C NMR, "F NMR, and IR spectroscopy. All
new compounds were also characterized by elemental analysis (except for compounds 2i, 2j, and
2k). Copies of the 'H and 13 C spectra can be found at the end of the Supporting Information. All
'H NMR experiments were reported in 8 units, parts per million (ppm), and were measured
relative to the signals for residual chloroform (7.26 ppm) in the deuterated solvent, unless
otherwise stated. All 13C NMR spectra are reported in ppm relative to deuterochloroform (77.23
or 77.00 ppm), unless otherwise stated, and all were obtained with 'H decoupling. All 'F NMR
spectra are reported in ppm relative to CF 3Cl (0 ppm).
Experimental Procedure for Examples Described in Table 1
Note: All optimization runs were set up inside of an inert nitrogen atmosphere glovebox.
To an oven-dried test tube containing a magnetic stir bar, was added 4-phenoxyphenylboronic
acid (214 mg, 1 mmol), CsF (304 mg, 2 mmol), and the remaining solid materials specified for
each given entry in Table 1. The test tube was sealed with a Teflon-lined septum, removed from
the glovebox, and evacuated and backfilled three times with the specified gas. Solvent (5 mL)
and remaining liquid reagents were added via syringe. To the reaction tube was affixed a balloon
of the appropriate gas, and the reaction mixture was stirred vigorously for 18 h. Dodecane (250
pL) was added as an internal standard and the reaction was analyzed via gas chromatography.
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General Experimental Procedure for the Oxidative Trifluoromethylation of Aryl Boronic Acids
Cu(OAc) 2B(OH)2 phenanthroline CF3
R- + TMSCF 3  )W R-CsF,0 2 (1 atm)
DCE or i-PrCN
4A MS, rt
Note: All reactions for the results in Table 2 and Equation 1 were set up on the bench top
open to the air and all reagents for these processes were weighed and added to the reaction
tube in the air. To a test tube equipped with a magnetic stir bar was added 250 mg 4A
powdered molecular sieves and cesium fluoride (304 mg, 2.0 mmol, 2.0 equiv). The vessel was
sealed with a Teflon-lined septum, evacuated, and flame dried under vacuum until the sieves
were fully activated. The test tube was allowed to cool to room temperature, after which it was
backfilled with argon. To a separate vial was added 1,1 0-phenanthroline (198 mg, 1.1 mmol, 1.1
equiv), copper(II) acetate (181 mg, 1.0 mmol, 1.0 equiv), and aryl boronic acid (1.0 mmol, 1.0
equiv). The vessel was fitted with a Teflon-lined septum and subsequently purged with argon.
The contents of the vial containing the copper(II) acetate, 1,10-phenanthroline, and aryl boronic
were quickly added to the test tube containing the sieves and cesium fluoride. The test tube
containing all solid reagents was then evacuated and backfilled with oxygen gas (via balloon
fitted with a syringe and needle)--this sequence was repeated a total of three times. Solvent (5
mL) and TMSCF 3 (0.3 mL, 2.0 mmol, 2.0 equiv) were then added to the reaction tube via
syringe, which was then placed under a balloon of 02 and was stirred vigorously for the specified
time. After the reaction was complete, the reaction was filtered through a plug of celite on silica
and eluted with diethyl ether (50 mL). 4-fluorotoluene (330 [L, 3 mmol) was added as an
internal standard, and the yield of the crude reaction was measured via 19F NMR. The solution
was then pre-adsorbed onto silica, dried in vacuo, and purified via silica gel column
chromatography to yield the benzotrifluoride product.
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Note: The best results were obtained when newly purchased bottles of the boronic acids were
used.
CF3 1-Phenoxy-4-(trifluoromethyl)benzene 8 Following the general procedure
PhOkD with 214 mg 4-phenoxyphenylboronic acid and isobutyronitrile as the solvent.
The reaction was complete after stirring for 1 h and the product was purified by column
chromatography (silica gel, hexanes, visualized with UV and KMnO4) to yield 1-phenoxy-4-
(trifluoromethyl)benzene as a colorless oil. (161 mg, 68%). 'H NMR (300 MHz, CDCl3): 6 7.66
- 7.55 (m, 2H), 7.48 - 7.36 (m, 2H), 7.25 - 7.17 (m, 1H), 7.12 - 7.02 (m, 4H). 13C NMR (75
MHz, CDC13): 6 160.7 (q, J= 1.4 Hz), 155.9, 130.3, 127.3 (q, J= 3.7 Hz), 125.0 (q, J= 32.7
Hz), 124.7 (s), 124.4 (q, J= 269.8 Hz), 120.2, 118.1. Complexity of 'H and 13C NMR spectra is
due to '9F coupling. '9F NMR (282 MHz, CDC13): 6 -62.22. IR (neat, cm-1): 3066, 3043, 1618,
1591, 1514, 1491, 1247, 1168, 1123, 1066.
F , CF3 1-(Benzyloxy)-2-fluoro-4-(trifluoromethyl)benzene Following the general
BnO procedure with 246 mg (4-(benzyloxy)-3-fluorophenyl)boronic acid and
isobutyronitrile as the solvent. The reaction was complete after stirring for 3 h and the product
was purified by column chromatography (silica gel, 2% Et20/hexane, visualized with CAM) to
yield 1-(benzyloxy)-2-fluoro-4-(trifluoromethyl)benzene as a white solid. (184 mg, 68%), mp =
63-65 *C. 'H NMR (400 MHz, CDC13): 6 7.49 - 7.31 (m, 7H), 7.08 (t, J= 8.2 Hz, 1H), 5.21 (s,
2H). 13C NMR (100 MHz, CDC13): 6 153.4, 150.9, 149.6 - 149.3 (m), 135.6, 128.7, 128.4,
127.4, 123.4 (qd, J= 33.7 Hz, 6.7 Hz), 123.6 (qd, J= 271.7 Hz, 2.3 Hz), 121.7 (p, J= 3.9 Hz),
114.9 (d, J= 2.0 Hz), 113.8 (dq, J= 21.4, 3.6 Hz), 71.2. Complexity of 'H and 13C NMR spectra
is due to 19F coupling. '9F NMR (282 MHz, CDC13): 6 -61.97 (s, 3F), -131.91 (t, 9.0 Hz, IF).
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IR (neat, cm-'): 2937, 1622, 1530, 1440, 1355, 1288, 1203, 1105, 1013, 873, 812, 750. Anal.
Cald. For C14HIOF 40: C, 62.23; H, 3.73. Found: C, 62.39; H, 3.72.
o Methyl 4-chloro-3-(trifluoromethyl)benzoate Following the general
MeO CF3 procedure with 214 mg (2-chloro-5-(methoxycarbonyl)phenyl)boronic acid
and isobutyronitrile as the solvent. The reaction was complete after stirring for 3 h and the
product was purified by column chromatography (silica gel, 40% CH2 Cl2/hexane, visualized
with UV) to yield methyl 4-chloro-3-(trifluoromethyl)benzoate as a white solid. (172 mg, 72%),
mp = 43-44 'C. 'H NMR (400 MHz, CDCl3): 6 8.33 (s, 1H), 8.11 (dd, J= 8.3, 1.4 Hz, 1H),
7.57 (d, J = 8.3 Hz, 1H), 3.94 (s, 3H). 13 C NMR (100 MHz, CDCl3 ): 6 165.0, 137.2, 133.7,
131.7), 128.8 (q, J= 5.4 Hz), 128.7 (q, J= 32.1 Hz), 122.4 (q, J= 273.4 Hz), 52.60. Complexity
of 1H and 13C NMR spectra is due to '9F coupling. "'F NMR (282 MHz, CDCl3 ): 6 -63.20. IR
(neat, cm-1): 3109, 1722, 1610, 1478, 1444, 1316, 1253, 1157, 1036, 924, 857, 761. Anal. Cald.
For C9H6 ClF30 2: C, 45.31; H, 2.53. Found: C, 45.64; H, 2.53.
CF 3  1-Bromo-4-(trifluoromethyl)naphthalene Following the general procedure with
251 mg 4-bromonaphthalene boronic acid and isobutyronitrile as the solvent. The
Br
reaction was complete after stirring for 4 h and the product was purified by column
chromatography (silica gel, 1:2 hexanes:CH 2Cl 2, visualized with UV and KMnO4) to yield 1-
bromo-4-(trifluoromethyl)naphthalene as a colorless oil (187 mg, 62%). 'H NMR (300 MHz,
CDCl3 ): 6 8.43 - 8.31 (m, 1H), 8.26 - 8.14 (m, 1H), 7.81 (dd, J= 7.9, 0.6 Hz, 1H), 7.76 - 7.63
(m, 3H). "C NMR (75 MHz, CDCl3): 6 132.5, 130.2 (q, J= 1.2 Hz), 128.6, 128.4 (q, J= 1.2
Hz), 128.3, 128.2, 126.4, 126.2 (q, J= 30.4 Hz), 125.0 (q, J= 6.1 Hz), 124.8 (q, J= 2.6 Hz),
124.6 (q, J = 273.5 Hz). '9F NMR (282 MHz, CDCl3 ): 6 -59.92. Complexity of 'H and 13C
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NMR spectra is due to C-F coupling. IR (neat, cm'1): 3078, 1571, 1512, 1300, 1262, 1187,
1143, 1097, 981. Anal. Cald. for CIIH 6BrF3: C, 48.03; H, 2.20. Found: C, 47.85; H, 2.07.
CF3  1-PhenOXy-2-(trifluoromethyl)benzene' Following the general procedure with
OPh 214 mg 2-Phenoxyphenylboronic acid and isobutyronitrile as the solvent. The
reaction was complete after stirring for 1 h and the product was purified by column
chromatography (silica gel, hexanes, visualized with UV and KMnO 4) to yield 1-phenoxy-2-
(trifluoromethyl)benzene as a colorless oil. (108 mg, 45%). 'H NMR (300 MHz, CDC 3): 6 7.67
(d, J= 7.5 Hz, 1H), 7.45 (t, J= 7.3 Hz, 1H), 7.41 - 7.31 (m, 2H), 7.16 (t, J= 7.4 Hz, 2H), 7.04
(dd, J= 8.6, 1.0 Hz, 2H), 6.93 (d, J= 8.4 Hz, 1H). 13 C NMR (75 MHz, CDC 3): 6 156.6, 155.7
(q, J= 2.0 Hz), 133.4 (q, J= 1.2 Hz), 130.1, 127.4 (q, J= 5.1 Hz), 124.3, 123.8 (q, J= 264.5
Hz), 122.8, 121.5 (q, J= 31.0 Hz), 119.7, 119.3. Complexity of 1H and 13C NMR spectra is due
to 19F coupling. "91F NMR (282 MHz, CDC 3): 6 -62.18. IR (neat, cm'1): 3044, 1611, 1586,
1460, 1246, 1159, 1116, 1056, 876, 760.
o 1-(3-(Trifluoromethyl)phenyl)ethanone 20 Following the general procedure
Me CFa
with 164 mg (3-acetylphenyl)boronic acid and isobutyronitrile as the solvent.
The reaction was complete after stirring for 3 h and the product was purified by column
chromatography (silica gel, 40% CH2Cl2/hexane, visualized with UV and vanillin) to yield 1-(3-
(trifluoromethyl)phenyl)ethanone as a slightly yellow oil. Note: approx. 5% 1,2-addition
occurred, affording the corresponding alcohol. (102 mg, 54%). 1H NMR (400 MHz, CDCl 3): 6
8.18 (s, 1H), 8.11 (d, J= 7.8 Hz, 1H), 7.79 (d, J= 7.7 Hz, 1H), 7.59 (t, J= 7.8 Hz, 1H), 2.62 (s,
3H). 13 C NMR (100 MHz, CDCl3 ): 6 196.6 (s), 137.5, 131.4 (d, J= 0.6 Hz), 131.1 (q, J= 32.9
162
Hz), 129.4 (q, J= 3.6 Hz), 129.2 (s), 125.0 (q, J= 3.9 Hz), 127.8 - 119.5 (in), 26.5. Complexity
of 'H and 13C NMR spectra is due to 19F coupling. '9F NMR (282 MHz, CDCl3 ): 6 -63.01. IR
(neat, em-1): 2921, 1694, 1613, 1563, 1333, 1245, 1129, 1071, 805, 695.
CF3 tert-Butyldimethyl((6-(trifluoromethyl)naphthalen-2-yl)oxy) silane
TBSO Following the general procedure with 302 mg (6-((tert-
butyldimethylsilyl)oxy)naphthalen-2-yl)boronic acid and isobutyronitrile as the solvent. The
reaction was complete after stirring for 3 h and the product was purified by column
chromatography (silica gel, hexane, visualized with UV and PMA) to yield tert-
butyldimethyl((6-(trifluoromethyl)naphthalen-2-yl)oxy) silane as a clear, colorless oil. (178 mg,
55%). 'H NMR (400 MHz, CDCl3 ): 8.10 (s, 1H), 7.82 (t, J= 9.0 Hz, 2H), 7.61 (dd, J= 8.6, 1.1
Hz, 1H), 7.28 (d, J= 1.9 Hz, 1H), 7.21 (dd, J= 8.8, 2.3 Hz, 1H), 1.08 (s, 9H), 0.31 (s, 6H). 13 C
NNMR (100 MHz, CDCl3): 6 155.4, 136.1, 130.3, 127.8, 127.6, 125.7 (q, J= 32.2 Hz), 125.4 (q,
J= 4.6 Hz), 128.7 - 120.5 (q, J= 271), 123.4, 121.8 (q, J= 3.1 Hz), 114.9, 25.7, 18.3, -4.4.
Complexity of 'H and 13C NMR spectra is due to '9F coupling. '9F NMR (282 MHz, CDCl3 ): 6
-62.20. IR (neat, cm-'): 3058, 2957, 2928, 2863, 1910, 1637, 1604, 1486, 1382, 1317, 1259,
1209, 1065, 972, 932, 778, 684. Anal. Cald. For C17 H2 F30Si: C, 62.55; H, 6.48. Found: C,
62.79; H, 6.60.
CF3 1-Butyl-4-(trifluoromethyl)benzene 2 ' Following the general procedure with
n-Bua 178 mg (4-butylphenyl)boronic acid and isobutyronitrile as the solvent. The
reaction was complete after stirring for 3 h and the product was purified by column
chromatography (silica gel, hexane, visualized with UV) to yield 1 -butyl-4-
(trifluoromethyl)benzene as a clear, colorless oil. (120 mg, 59%). 'H NMR (400 MHz, CDC13):
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7.53 (d, J= 8.0 Hz, 2H), 7.29 (d, J= 8.0 Hz, 2H), 2.67 (t, J= 7.7 Hz, 2H), 1.67 - 1.57 (m, 2H),
1.42 - 1.31 (m, 2H), 0.94 (t, J= 7.3 Hz, 3H). 13C NMR (100 MHz, CDCl3 ): 8 147.0 (d, J= 1.1
Hz), 128.7, 128.0 (q, J= 32.2 Hz), 125.1 (q, J= 3.8 Hz), 124.5 (q, J= 271.7 Hz), 35.5, 33.4,
22.3, 13.8. Complexity of 'H and 13C NMR spectra is due to 19F coupling. 19F NMR (282 MHz,
CDC13): 6 -62.45. IR (neat, cm- 1): 2961, 2933, 2863, 1619, 1467, 1418, 1324, 1164, 1127,
1068, 838.
CF3 tert-Butyl 4-(trifluoromethyl)benzylcarbamate Following the general
Boc' procedure with 251 mg (4-(((tert-
butoxycarbonyl)amino)methyl)phenyl)boronic acid and isobutyronitrile as the solvent. The
reaction was complete after stirring for 3 h and the product was purified by column
chromatography (silica gel, 20% Et20/hexane, visualized with ninhydrin) to yield tert-butyl 4-
(trifluoromethyl)benzylcarbamate as a white solid. (103 mg, 37%). mp = 70-71 *C. 'H NMR
(400 MHz, CDC13): 6 7.57 (d, J= 8.0 Hz, 2H), 7.38 (d, J= 7.9 Hz, 2H), 5.05 (s, 1H), 4.35 (d, J
= 5.7 Hz, 2H), 1.45 (s, 9H). 13C NMR (100 MHz, CDC13 ): 8 155.9, 143.2, 129.5 (q, J= 32.4
Hz), 127.44, 125.5 (q, J= 3.6 Hz), 123.7 (q, J= 271.7 Hz), 79.8, 44.1, 28.3. Complexity of 'H
and 13C NMR spectra is due to 19F coupling. 19F NMR (282 MHz, CDC13): 6 -62.68. IR (neat,
cm~ ): 3353, 3312, 2983, 1702, 1676, 1546, 1421, 1368, 1339, 1252, 1158, 1115, 1070, 940. 855,
821.
1-Methyl-5-(trifluoromethyl)-1H-indole Following the general procedure with
175 mg 1-methylindole-5-boronic acid and isobutyronitrile as the solvent. The
Me
reaction was complete after stirring for 4 h and the product was purified by column
164
chromatography (silica gel, 4:1 hexanes:Et 20, visualized with UV and KMnO4) to yield 1-
methyl-5-(trifluoromethyl)indole as an off-white solid (93 mg, 47%), mp = 72-73 *C. 'H NMR
(300 MHz, CDC13): 6 7.98 - 7.94 (in, 1H), 7.53 - 7.44 (m, 1H), 7.41 - 7.35 (m, 1H), 7.16 (d, J=
3.2 Hz, 1H), 6.60 (dd, J= 3.2, 0.8 Hz, 1H), 3.82 (s, 3H). '3C NMR (75 MHz, CDC13): 6 138.1,
130.8, 127.9, 125.7 (q, J= 271.2 Hz), 121.8 (q, J= 31.6 Hz), 118.8 (q, J= 4.4 Hz), 118.4
(q, J = 3.5 Hz), 109.6, 102.2, 33.2. Complexity of 'H and 13C NMR spectra is due to 19F
coupling. '9F NMR (282 MHz, CDCl3): 6 -60.41. IR (neat, em'): 1514, 1447, 1332, 1282,
1251, 1190,1142,1054,903,812.
CF 3 3-(Trifluoromethyl)-1-(triisopropylsilyl)-1H-pyrrole Following the general
N procedure with 267 mg 1-triisopropylsilylpyrrole-3-boronic acid and 1,2-
TIPS
dichloroethane as the solvent. The reaction was complete after stirring for 2 h and the product
was purified by column chromatography (silica gel, hexanes, visualized with UV and KMnO4) to
yield 3-(trifluoromethyl)-1-(triisopropylsilyl)-1H-pyrrole as a colorless oil (141 mg, 48%). 'H
NMR (300 MHz, CDC 3): 6 7.10 - 7.03 (m, 1H), 6.84 - 6.73 (m, 1H), 6.55 - 6.40 (m, 1H), 1.58
- 1.36 (in, 2H), 1.11 (d, J= 7.5 Hz, 18H). "C NMR (75 MHz, CDC13): 6 125.4, 124.4 (q, J=
266.0 Hz), 123.7 (q, J = 4.9 Hz), 117.1 (q, J = 36.1 Hz), 108.3 (q, J = 3.0 Hz), 17.9, 11.8.
Complexity of 'H and 3 C NMR spectra is due to '9F coupling. "9F NMR (282 MHz, CDCl3): 6
-57.22. IR (neat, cm): 2871, 2951. 1574, 1487, 1465, 1370, 1275, 1091, 1018, 937.
CF 3 4-(trifluoromethyl)phenoxathiine Following the general procedure with 244
Ss mg phenoxathiin-4-boronic acid and 1,2-dichloroethane as the solvent. The
reaction was complete after stirring for 1 h and the product was purified by column
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chromatography (silica gel, hexanes, visualized with UV and KMnO4) to yield 4-
(trifluoromethyl)phenoxathiine as a clear oil (172 mg, 64%). 'H NMR (300 MHz, CDCl3 ): 6
7.42 (d, J= 7.1 Hz, 1H), 7.30 (d, J= 7.8 Hz, 111), 7.23 - 7.04 (in, 5H). "C NMR (75 MiI1z,
CDCl3 ): 6 152.0, 150.7 (q, J= 1.8 Hz), 130.8 (q, J= 0.9 Hz), 128.5, 127.2, 125.7, 125.3 (q, J=
5.0 Hz), 124.2, 123.6, 123.3 (q, J= 273.0 Hz), 121.5, 120.3 (q, J= 31.6 Hz), 118.5. 'F NMR
(282 MHz, CDCl 3): 6 -62.01. Complexity of 'H and 13C NMR spectra is due to C-F coupling.
IR (neat, cm-1): 3072, 2925, 1604, 1474, 1438, 1297, 1133, 1092, 877. Anal. Cald. for
C13H7F3 0S : C, 58.21; H, 2.63. Found: C, 58.09; H, 2.46.
CF3 2-(Trifluoromethyl)benzo[b]thiophene Following the general procedure with
178 mg benzo[b]thiophene-2-boronic acid and 1,2-dichloroethane as the solvent.
The reaction was complete after stirring for 1 h and the product was purified by column
chromatography (silica gel, pentane, visualized with UV and KMnO 4) to yield 2-
(trifluoromethyl)benzo[b]thiophene as a white solid (113 mg, 56%), mp = 52-53 *C. 'H NMR
(300 MHz, CDCl3 ): 6 7.93 - 7.82 (in, 2H), 7.73 - 7.67 (in, 1H), 7.52 - 7.41 (in, 2H). 13 C NMR
(75 MHz, CDC13 ): 6 140.3 (q, J= 1.0 Hz), 137.9, 131.4 (q, J= 37.9 Hz), 126.8 (s), 125.8 (q, J=
4.1 Hz), 125.4, 125.3, 122.8, 122.8 (q, J= 268.5 Hz). Complexity of 'H and 13C NMR spectra is
due to 19F coupling. '9F NMR (282 MIz, CDCl3 ): 6 -56.58. IR (neat, cm-1): 1560, 1437, 1297,
1157, 1137, 986, 849, 752, 728. Anal. Cald. for CqH 5F3 S : C, 53.46; H, 2.49. Found: C, 53.50;
H, 2.41.
CF3 tert-Butyl 2-(trifluoromethyl)-1H-indole-1-carboxylate Following the general
N
Boc procedure with 261 mg (1-(tert-butoxycarbonyl)-1H-indol-2-yl)boronic acid and
1,2-dichloroethane as the solvent. The reaction was complete after stirring for 1 h and the
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product was purified by column chromatography (silica gel, 4:1 hexanes:CH 2Cl2, visualized with
UV and KMnO 4) to yield tert-butyl 2-(trifluoromethyl)-1H-indole-1-carboxylate as a colorless
oil (155 mg, 54%). 'H NMR (300 MHz, CDCl3 ): 6 8.31 (dd, J= 8.5, 0.8 Hz, 1H), 7.62 (d, J=
7.9 Hz, 1H), 7.46 (ddd, J= 8.5, 7.3, 1.3 Hz, 1H), 7.31 (ddd, J= 7.9, 7.3, 1.0 Hz, 1H), 1.70 (s,
9H). 13C NMR (75 MHz, CDC 3): 6 148.8, 137.9 (q, J= 1.5 Hz), 127.3, 127.2, 126.8, 126.6,
123.7, 121.0 (q, J= 267.7 Hz), 116.2, 113.7 (q, J= 5.1 Hz), 85.6, 28.0. Complexity of 'H and
13C NMR spectra is due to 19F coupling. "F NMR (282 MHz, CDCl3 ): 6 -58.40. IR (neat, cm~
'): 2987, 2937, 1745, 1563, 1479, 1358, 1327, 1243, 1201, 1052. Anal. Cald. for C14HI4F3NO2:
C, 58.95; H, 4.95. Found: C, 59.12; H, 4.83.
MeO CF3 3,6-dimethoxy-4-(trifluoromethyl)pyridazine Following the general
N OMe procedure with 184 mg 3,6-dimethoxylpyridazine-4-boronic acid and 1,2-
dichloroethane as the solvent. The reaction was complete after stirring for 4 h and the product
was purified by column chromatography (silica gel, 1:2 hexanes:CH 2Cl2 , visualized with UV and
KMnO4) to yield 3,6-dimethoxy-4-(trifluoromethyl)pyridazine as an off-white solid (134 mg,
64%)., mp = 44-45 *C. 'H NMR (300 MHz, CDC 3): 6 7.14 (dd, J= 1.6, 0.8 Hz, 1H), 4.12 (s,
3H), 4.06 (s, 3H). 13C NMR (75 MHz, CDCl3 ): 6 161.9, 157.7 (q, J= 1.1 Hz), 122.7 (q, J=
35.1 Hz), 121.2 (q, J= 273.3 Hz), 118.8 (q, J= 5.1 Hz), 55.5, 55.3. Complexity of 'H and '3 C
NMR spectra is due to '9F coupling. '9F NMR (282 MHz, CDCl3 ): 6 -66.42. IR (neat, cm1):
2996, 2961, 1478, 1457, 1339, 1292, 1242, 1153, 1062, 1021, 913. Anal. Cald. for C7H7F3N20 2:
C, 40.39; H, 3.39. Found: C, 40.28; H, 3.21.
CF3 3-(Trifluoromethyl)quinoline 2 2 Following the general procedure with 173 mg
167
quinoline-3-boronic acid and isobutyronitrile as the solvent. The reaction was complete after
stirring for 3 h and the product was purified by column chromatography (silica gel, 4:1
hexanes:Et 20, visualized with UV and KMnO 4) to yield 3-(trifluoromethyl)quinoline as a white
solid. (69 mg, 35%), mp = 42-43 *C. 'H NMR (300 MHz, CDCl 3): 6 9.09 (d, J= 2.2 Hz, 1H),
8.49 - 8.38 (m, 1H), 8.18 (d, J= 8.5 Hz, 1H), 7.90 (d, J= 8.1 Hz, 1H), 7.85 (ddd, J= 8.5, 7.0,
1.5 Hz, 1H), 7.65 (ddd, J= 8.1, 7.0, 1.1 Hz, 1H). 13C NMR (75 MHz, CDC13 ): 6 149.5 (q, J=
1.2 Hz), 146.2 (q, J= 3.3 Hz), 134.1 (q, J= 4.2 Hz), 131.9, 129.8, 128.8, 128.2, 126.4, 123.9 (q,
J = 272.3 Hz), 123.7 (q, J = 32.5 Hz). Complexity of 'H and 13 C NMR spectra is due to 19F
coupling. '9F NMR (282 MHz, CDCl3): 5 -62.08. IR (neat, cm-1): 3062, 1625, 1574, 1501,
1352, 1378, 1246, 1201, 1164, 1128, 1072.
Experimental Procedure for Oxidative Trifluoromethylation of 4-Phenoxyphenylboronic Acid
(10 mmol Scale)
Cu(OAc) 2B(OH) 2  phenanthroline CF3
+ TMSCF3 CF W 
.PhOC s, 02 (1 atm) PhO'a
4A MS, i-PrCN, rt
10 mmol 61% yield
All operations were performed outside of a glovebox. To a 200 mL Schlenk flask equipped with
a magnetic stir bar was added 2.5 g 4A powdered molecular sieves and cesium fluoride (3.04 g,
20 mmol). The vessel was sealed with a septum, evacuated, and flame dried under vacuum until
the sieves were fully activated. The flask was allowed to cool to room temperature, after which
it was backfilled with argon. To a separate vial was added 1,10-phenanthroline (1.98 g, 11
mmol), copper(II) acetate (1.81 g, 10 mmol), and 4-phenoxyphenylboronic acid (2.14 g, 10
mmol). The vial was fitted with a septum and subsequently purged with argon. The contents of
the vial containing the copper(II) acetate, 1,10-phenanthroline, and aryl boronic were quickly
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added to the flask containing the sieves and cesium fluoride. The flask containing all solid
reagents was then evacuated and backfilled with oxygen gas (via balloon fitted with a syringe
and needle) three times. Isobutyronitrile (50 mL) and TMSCF 3 (3 mL, 20 mmol) were then
added to the flask via syringe, which was then placed under a balloon of 02 and was stirred
vigorously for 1 h. A slight exotherm was observed on this scale; for larger scale reactions,
cooling in a room-temperature water bath is recommended. Upon completion, the reaction was
filtered through a plug of celite on silica and eluted with diethyl ether (200 mL). 4-fluorotoluene
(3.3 mL, 30 mmol) was added as an internal standard, and the yield of the crude reaction was
measured via '9F NMR. The solution was then pre-adsorbed on silica, dried in vacuo, and
purified via silica gel column chromatography (hexanes, visualized with UV) to yield 1-
phenoxy-4-(trifluoromethyl)benzene as a clear oil (1.46 g, 61% yield). Analytical data is
described for the 1 mmol trial (vide supra).
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Chapter 3 - Iron(II)-Catalyzed Trifluoromethylation of Potassium
Vinyltrifluoroborates
203
3.1 Introduction
Chapters 1 and 2 of this thesis concerned the construction of aryl-trifluoromethyl bonds
via palladium- or copper-mediated coupling processes. In addition to (hetero)arenes, another
commonly encountered class of sp2 carbon coupling partners is the vinyl group. Application of
our palladium methodology to vinyl chlorides did not yield trifluoromethylated products. A
modified protocol for the Pd-catalyzed trifluoromethylation of vinyl triflates and nonaflates was
developed, but this method is only applicable to cyclohexenyl substrates.' The copper-mediated
oxidative trifluoromethylation described in Chapter 2 provided some vinyl-CF 3 products
(Scheme 1), albeit in low yields. Therefore, we examined alternative pathways to access
trifluoromethyl-substituted olefins.
Cu(OAc) 2 (1 equiv.)
1,10-phen (1.1 equiv.)
B(OH)2 TMSCF 3 (2 equiv.) CF3
CsF (2 equiv.) Ph
4 A MS
02 (1 atm) 34% yield
room temperature (19F NMR)
Scheme 1: Copper-mediated oxidative trifluoromethylation of a vinyl boronic acid
Though less explored than aryl trifluoromethylation, there are a few methods available
for the formation of vinylic sp2-CF 3 bonds. (Scheme 2). Ishikawa's work on palladium-
catalyzed perfluoroalkylation with Zn/CF3I focused mainly on vinyl and allyl substrates.2 3 Prior
to the current wave of trifluoromethylation methodologies developed since 2009, Chen's copper-
mediated system using FSO 2CF 2CO2Me as a difluorocarbene source represents the vinyl
trifluoromethylation procedure that found the most widespread use."' Qing's report of a copper-
mediated oxidative trifluoromethylation of boronic acids included the transformation of two
simple vinyl boronic acid substrates." Shen's copper-catalyzed trifluoromethylation using
Togni's reagent as a CF3 source was applied to four vinyl boronic acids, yielding a range of E:Z
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ratios from 4.5:1 to 7:1. An analogous technique using Umemoto's
(trifluoromethyl)dibenzothiophenium was utilized in a single example of vinyl-CF3 bond
formation.13 It should be noted that besides cross-coupling routes, vinyl-CF 3 compounds can
also be formed via functionalization of aldehydes, most often with organozinc reagents. 1 4 5
[Cu(OTf)] 2-PhH (1 equiv.)0 CO 2Me Cui R 1,10-phen (1 equiv.)
+FS-A J RF, _B(OH)2 + TMSCF3  -3 C
DMF, 60-8 *C R KF (5 equiv.) R
R 0 F R' (5 equiv.) KaPO 4 (3 equiv.)X =Br, Ag2CO3 (1 equiv.)
Chen (ref 4-10) Qing (ref 11) DMF, 70 *C
Cul (5 mol %) CuOAc (20 mol %)
Me 1,10-phen (10 mol %) 2,4,6-Collidine (2 equiv.)
Rzk B(OH)2 + Me )N C3 R (H2 j F
F3C--O K3P0 4 (2 equiv.) R s. DMA, rt R
Shen (ref 12) (1.2 equiv.) Diglyme, 35 C Liu (ref 13) CF3
(1.6 equiv.)
Scheme 2: Copper-mediated vinyl trifluoromethylation methods
Dr. Andrew Parsons, a postdoctoral fellow with whom I previously collaborated with for
the work detailed in Chapter 2, discovered that unactivated olefins react with Togni's reagent (1)
via copper catalysis to produce allyl-CF3 products.l During the course of these studies, he
found that using copper(I) chloride as catalyst, halotrifluoromethylation was also observed
(Scheme 3). He hypothesized that if a vinyl-organometallic reagent was used (i.e., boronic acid
or a derivative thereof), formal elimination would produce vinyl-CF 3 compounds. This portion
of the thesis will discuss the development of such as system.
CuCI (15 mol %) Cl
roomMeOH RR CF3 +  ACF3
F3C-1-0 room temperature 15% yield
(19F NMR)
Scheme 3: Olefin halotrifluoromethylation
3.2 Results and Discussion
Initial studies focused on identifying the optimal catalyst and substrate class (Table 1).
Use of FeCl2 typically provided fewer byproducts and enabled the reactions to be executed using
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10 mol % catalyst loading. Use of boronic acids (Entry 3) and pinacol boronates (Entry 4)
afforded poor ratios of E and Z products, however use of potassium trifluoroborates allowed for
up to 99:1 preference for the E product (Entry 7). The presence of trace amounts of copper in
iron salts has led to some controversy concerning the identity of the actual catalytic species. 19
When 99.998% pure FeCl2 was employed, similar yields were obtained, suggesting that the
reaction proceeds though iron catalysis. However, it is necessary for iron to be in the +2
oxidation state for efficient catalysis to occur (Entry 9).
After arriving at the optimal conditions, the substrate scope of the
examined (Table 2). Styryl trifluoroborates bearing aryl halides (Entries
Table 1: Optimization studies (work by Dr. Andrew Parsons)
Ph,, BXn + I1\':O catalyst Ph" CF3
Entry Catalyst (mol %)
Catalyst (mol %)
CuCl (25)
FeCl2 (25)
FeCl2 (25)
FeCl 2 (25)
FeCl 2 (10)
FeCl2 (10)
FeCl2 (10)
FeCl2 (10)
FeCl 3 (10)
None
F3C--O1
BXn 1
BF 3K
BF 3K
B(OH) 2
Bpin
BF 3K
BF3K
BF 3K
BF 3K
BF 3K
BF 3K
solvent
room temperature
[equiv.] Solvent
1.2 MeOH
1.2 MeOH
1.2 MeOH
1.2 MeOH
1.2 MeOH
1.2 MeCN
0.9 MeCN
0.9 MeCN
0.9 MeCN
0.9 MeCN
2
E:Z
96:4
94:6
50:50
55:45
>95:5
98:2
99:1
99:1
transformation was
2, 3, 12) could be
Yield (2)a
75%
80%
74%
73%
77%
88%
86%
89%
9%
0%
based on trace
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Entry
1
2
3
4
5
6
7
8 b
9
10
aYields and E/Z ratios were determined by 19F NMR. bUltrapure FeCl2 (99.998%
metal, Sigma-Aldrich)
trifluoromethylated, allowing for further derivatization via palladium-catalyzed cross-coupling.
While electron-rich substrates afforded good yields of product (Entries 4, 6), reactions of arenes
with electron deficient functional groups represented a limitation of this method.
Pharmaceutically relevant moieties such as indoles (Entry 6) and thiophenes (Entries 7, 12) are
tolerated as well. Excellent E:Z ratios were obtained for all styryl substrates. Further extension
Table 2: Substrate scope
FeCI (10 moI %)
R ,BF 3K + O 
R MeCN '_CF3
F3C-1-0 room temperature
(1.1 equiv.) 1 24 h
(1 equiv.)
Entry Product E:Z ratio Yielda
1eZ z CF3 >95:5 70%
Melj r%'
2 CF3 >95:5 78%
C .I
3 CF3 >95:5 75%
Br O~ OO*
4 NZ ! CF3 >95:5 68%b
MeO9
5 MeO . N CF3  >95:5 73%
OMe
6 CF3 >95:5 65%
TsN
7 CF 3  >95:5 74%o(83%)c
S
8Z ~ -zC 3 80:20 49%
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Entry Product E:Z ratio Yielda
9 67:33 74%
NCF 3
10 k, CF3  83:17 34% (80%)c
11 0 67:33 66%d
O CF 3
12 0 67:33 79%
Ci CF3
alsolated yield, average of two independent runs. bContains 10-15% protodeboronation side
product. cYield determined by 19F NM. d 15 mol % FeCl2
of the n system (Entry 8) resulted in a decrease in E:Z ratio to 4:1. The most difficult substrates
contained aliphatic-substituted vinyl groups (Entries 9, 11, 12), where the (E) stereoisomer was
still produced preferentially, albeit slightly. This trend was observed to a lesser extent with
branched aliphatic groups (Entry 10).
Our palladium- and copper-mediated aryl trifluoromethylation systems proceed via a
catalytic cycle involving oxidative addition, transmetallation, and reductive elimination;
however, the role of the iron catalyst in this method was not obvious. Therefore, we embarked
on initial studies to probe the mechanism of this transformation. Subjecting a (Z)-styryl
FeC 2 (10 mol %) 
CFa
Me)0C7k>BF3K + F3 -- omMeON MF3C-1-O room temperature Me
(1.1 equiv.) 1 24 h >95:5 E/Z
(1 equiv.)
+ FeC (10 moI %)
N + q~ oMeCN A- CF 3
BF 3K F3C-I-O room temperature 76%(1.1 equiv.) 1 24 h 67:33 E/Z(1 equiv.)
Scheme 4: Observation of stereoconvergence
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trifluoroborate to the standard conditions yielded primarily the (E)-isomer (Scheme 4). A (Z)-
isomeric aliphatic substituted vinyl-BF 3K also gave the same 67:33 E:Z ratio as obtained for the
(E)-trifluoroborate, further indicating that equilibration occurs during the course of the reaction.
If this were a coupling-type mechanism involving transmetallation and reductive elimination
steps, retention of stereochemistry would be expected. 2 0'2 ' Therefore, we postulated that FeCl 2
acts as a Lewis acid. Three competent catalysts for this reaction [CuCl, FeCl2, and Sn(OTf)2] are
all weak Lewis acids. Moreover, Sn(OTf)2 has little precedent for use as a cross-coupling
catalyst. Using Sn(OTf)2 in place of FeCl2 results in similar vinyl-CF3 yields and E:Z ratios,
supporting our Lewis acid catalysis hypothesis (Scheme 5).
BF3K + Sn(OTf) 2 (10 mol %) CF3
F - ro MeCN
Me F3C-1-0 room temperature
E or Zisomer 1 24 h 81%
(1.1 equiv.) (1 equiv.) >95:5 E/Z
Sn(OTt)2 (10mol%)
ZLL1 BF3K + NfpOMeON K CF3
F3C-1-O room temperature
E or Zisomer 1 82:18 E/Z
(1.1 equiv.) (1 equiv.)
Scheme 5: Sn(OTf)2 as catalyst
For the trifluoromethylation of aliphatic alcohols, Togni reported that a Lewis acid,
Zn(NTf2)2, was crucial to product formation (Scheme 6).2 He hypothesized that Zn(NTf 2)2
CF3  F3C,8 X X CF
+ znx 2 z
1 1 3
Scheme 6: Zn(NTf2)2 activation of 1
forms a highly activated version of 1. Although direct x-ray crystallographic evidence was not
presented, an ESI-MS spectrum consistent with 3 was observed. In light of this result, we
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propose a mechanism where the vinyl a system intercepts 4, yielding either a cationic (as shown)
or radical intermediate, which can eliminate to the desired trifluoromethylolefin (Scheme 7).
0 CFF
R4C- 0-1-CF330 R'F KR,.B F3K + 1 V-0 oR F X3CC BF3K
e 4
Scheme 7: Proposed mechanism of CF3 transfer
3.3 Conclusion
In summary, we have developed a new vinyl-CF 3 bond forming reaction that proceeds
via Lewis acid catalysis. By employing FeCl2 and Togni reagent 1, trifluoromethylated products
can be produced in high stereoselectivity. Initial mechanistic investigations revealed a reaction'
pathway differing from our previous methods.
3.4 Experimental
General Analytical Information
Nuclear Magnetic Resonance spectra were recorded on Varian 300 MHz or Bruker 400 MHz
instruments at ambient temperature and analyzed using MestReNova software. All 'H NMR
spectra were measured in parts per million (ppm) relative to the signals for residue chloroform in
the deuterated solvent, unless otherwise stated. Spectra were analyzed using MestReNova
software. Data for 'H NMR are reported as follows: chemical shift, multiplicity (br = broad, s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constants, and integration.
All 13C NMR spectra are reported in ppm relative to deuterochloroform (77.0 ppm), unless
otherwise stated, and were obtained with complete 'H decoupling. All '9F NMR spectra are
reported in ppm relative to a CFCl3 external standard (0 ppm). All GC analyses were performed
on an Agilent 6890 gas chromatograph with an FID detector using a J & W DB-1 column (10 m,
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0.1 mm I.D.). 4-Fluorotoluene was used as an internal standard to determine 19F NMR yields. IR
spectra were recorded on a Perkin Elmer System 2000 FT-IR instrument (KBr disc). Melting
points (uncorrected) were obtained on a Mel-Temp II capillary melting point apparatus.
Elemental analyses were performed by Atlantic Microlabs, Inc., Norcross, GA.
General Reagent Information
THF, Et20, CH 2 Cl 2 and toluene were purchased from J.T. Baker in CYCLE-TAINER@ solvent-
delivery kegs and vigorously purged with argon for 1 h. The solvents were further purified by
passing them under argon pressure through two packed columns of neutral alumina (for THF and
Et2 O) or through neutral alumina and copper(II) oxide (for toluene and CH 2Cl 2). Anhydrous
methanol and acetonitrile was purchased from Aldrich. All other anhydrous solvents were
purchased from Acros. Iron(II) chloride, anhydrous (98%) was purchased from Strem and the
bulk was stored in an inert atmosphere glove box. Commercial materials were used as received
unless otherwise noted.
General Considerations
All trifluoromethylation reactions for the substrate scope were set up outside of a glove box and
carried out in resealable test tubes with Teflon septa under an argon or nitrogen atmosphere.
Flash column chromatography was performed using a) Silicycle silica gel (ultra pure grade) or b)
a Biotage SP4 apparatus with pre-packed silica cartridges. Yields reported in the publication are
of isolated material and represent an average of at least two independent runs unless otherwise
noted. Compounds previously described in the literature were characterized by comparing their
'H NMR and 13 C NMR spectra to the previously reported data. All new compounds were
characterized by 1H NMR, 13C NMR, '9F NMR, and IR spectroscopy; their purity was confirmed
by gas chromatography (GC) or elemental analysis. Trace amounts (approximately s 5% by 19F
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NMR) of other trifluoromethylated side-products are commonly present and inseparable from the
desired product using flash chromatography. The E/Z ratios were determined by '9F NMR
analysis.
Preparation of Togni Trifluoromethylating Reagent 1:
1. NaJO 4, 30% AcOH
O 110 *C, 4 h |0 TMSCF3
(? Y O 2. Ac2 , 135 *C A -l-O CsF, CH3CN 
F3C, - 0-
1 OH 15min AcOIO1- rt, 24 h F3C -1-0
quantitative 1:56%
1-Hydroxy-1,2-benziodoxol-3-(1H)-one A 500 mL round-bottom flask was
HO-I__ charged with 2-iodobenzoic acid (20.0 g, 80.64 mmol, 1.0 equiv), finely ground
NaIO 4 (18.11 g. 84.67 mmol, 1.05 equiv), and 30% aqueous acetic acid (120 mL). The flask was
affixed with a reflux condenser and was placed in an oil bath pre-heated to 110 'C. The reaction
mixture was allowed to stir at this temperature for four hours at which point the flask was
removed from the oil bath and allowed to cool to room temperature. Ice water (100 mL) was
added, and the suspension was allowed to stir for 5 min. The fine white needle-like crystals were
isolated by Buchner filtration. The crystals were washed with ice water (2 x 100 mL) and dried
in vacuo to afford 1-hydroxy-1,2-benziodoxol-3-(1IH)-one in greater than quantitative yield
(contains impurities). Spectral properties matched previously reported values. 23
1-Acetoxy-1,2-benziodoxol-3-(1H)-one In a 500 mL round-bottom flask
A -_ 0 containing the unpurified 1-hydroxy-1,2-benziodoxol-3-(1H)-one (assumed 80.64AcO -1-0
mmol, 100% yield for the previous step) was suspended in 56 mL Ac 20. The flask was affixed
with a reflux condenser and placed in an oil bath pre-heated to 135 *C. The reaction mixture was
stirred for 15 min until most of the solid materials dissolved. (Note: heating the reaction for too
long will result in decomposition of the product). The flask was removed from the oil bath and
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allowed to cool to room temperature, resulting in the formation of white crystals. The flask was
then placed in a -20 'C freezer overnight to complete the crystallization. The liquids were
decanted and the flask was covered with aluminum foil to protect the product from light.
Volatiles were removed in vacuo to afford the product in greater than quantitative yield. Spectral
properties matched previously reported values. Note: light-induced decomposition is marked by
the yellowing of the product. It is recommended that this material be used immediately or be
stored in a freezer protected from light. Spectral properties matched previously reported
values.2 4
1-Trifluoromethyl-1,2-benziodoxol-3-(1H)-one (1) To a flame-dried 500 mL
o round-bottom flask containing the unpurified 1-acetoxy-1,2-benziodoxol-3-(1IH)-
F3C -1-0
one (assumed 80.64 mmol, 100% yield for the previous step) under argon was added anhydrous
CsF (0.302 g, 2.0 mmol, 0.025 equiv), CH 3CN (170 mL), and TMSCF 3 (15.93 g, 16.6 mL, 112
mmol, 1.4 equiv) successively. The reaction mixture was stirred vigorously for 24 hours
(reaction turns brown). The white solid suspended in the reaction mixture was then isolated by
BUchner filtration. This solid was dissolved in chloroform (300 mL) and any insoluble materials
were removed by filtration through a cotton plug. The colorless filtrate was then washed with
water (200 mL) and sat. aq. Na2CO 3 (200 mL). The solution was dried over Na2 SO 4 , filtered and
concentrated in vacuo to afford pure 1-trifluoromethyl-1,2-benziodoxol-3-(1H)-one (11.59 g,
45%). A second batch of 1-trifluoromethyl-1,2-benziodoxol-3-(1IH)-one was obtained by
concentrating the brown reaction filtrate, dissolving in chloroform (200 mL), washing with water
(100 mL) and NaHCO 3 (100 mL). The solution was dried over Na2SO 4 and concentrated in
vacuo to afford a brownish-white solid. The solid was washed quickly in the flask with a small
213
amount of methanol (-20 mL) to remove a large amount of the brown impurity. The resulting
solid was then recrystallized from boiling methanol. Cooling to room temperature and placing in
a -20 *C freezer resulted in crystal formation. The crystals were collected, washed with cold
methanol, and dried in vacuo to provide a second batch of pure 1-trifluoromethyl-1,2-
benziodoxol-3-(1IH)-one (2.83 g, 11% yield). Total yield: 14.42 g (56%). Collection of the
mother liquors from the recrystallizations may be purified by column chromatography (96:4
CH2Cl2/MeOH) to yield an additional quantity of 1-trifluoromethyl-1,2-benziodoxol-3-(1IH)-one.
Spectral properties matched previously reported values. 2 4
General Procedure for the preparation of alkynyl esters
Cy,
N=*=N
R OH 4-dimethylaminopyrdine RCH2ci2, 0 _C to rt
An oven-dried 2-neck 100 mL round-bottom flask under argon was charged with the carboxylic
acid (15 mmol, 1.0 equiv), NN'-dimethylaminopyridine (DMAP, 0.046 g, 0.375 mmol, 0.025
equiv), methylene chloride (18 mL), and hex-5-yn-1-ol (4.42 g, 4.96 mL, 15 mmol, 3.0 equiv).
The flask was cooled to 0 C in an ice-water bath. Dicyclohexylcarbodiimide (DCC, 3.09 g, 45
mmol, 3 equiv) was added in portions over 5 min. The reaction mixture was allowed to stir for
an additional five minutes, at which point the cooling bath was removed and the reaction was
allowed to proceed at room temperature. After stirring for an additional 20 h at room
temperature, the reaction mixture was filtered through a pad of celite, washing the cake with
CH 2Cl2. The filtrate was washed with 2.0 M HCl (25 mL), Sat. NaHCO 3 (25 mL), dried over
Na2 SO 4, and concentrated. Purification was achieved using flash chromatography with the
indicated solvent system.
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0 Hex-5-yn-1-yl furan-2-carboxylate The title compound was prepared
-10' o according to the General Procedure using furan-2-carboxylic acid (1.68 g, 15
mmol, 1.0 equiv), DMAP (0.046 g, 0.375 mmol, 0.025 equiv), hex-5-yn-1-ol (4.42 g, 4.96 mL,
15 mmol, 3.0 equiv), DCC (3.09 g, 45 mmol, 3 equiv). After work up, the compound was
purified by flash chromatography (10-20% EtOAc/hexanes) to afford hex-5-yn-1-yl furan-2-
carboxylate (2.19 g, 76%) as a clear, colorless oil. 'H NMR (400 MHz, CDCl3) 5 7.53 (s, 1H),
7.13 (d, J= 3.4 Hz, 1H), 6.46 (dd, J= 3.4, 1.6 Hz, 1H), 4.28 (t, J= 6.5 Hz, 2H), 2.22 (td, J= 7.0,
2.6 Hz, 2H), 1.92 (t, J= 2.6 Hz, 1H), 1.88 - 1.78 (in, 2H), 1.67 - 1.57 (in, 2H). 13C NMR (100
MHz, CDCl3) 5 158.7, 146.2, 144.7, 117.8, 111.8, 83.7, 68.8, 64.3, 27.7, 24.8, 18.0. IR (neat,
cm~) 3295, 2957, 1718, 1475, 1295, 1177, 1119.
Hex-5-yn-1-yl 5-chlorothiophene-2-carboxylate The title compound was
ci \s prepared according to the General Procedure using 5-chlorothiophene-2-
carboxylic acid (2.42 g, 15 mmol, 1.0 equiv), DMAP (0.046 g, 0.375 mmol, 0.025 equiv), hex-5-
yn-1-ol (4.42 g, 4.96 mL, 15 mmol, 3.0 equiv), DCC (3.09 g, 45 mmol, 3 equiv). After work up,
the compound was purified by flash chromatography (5-8% EtOAc/hexanes) to afford hex-5-yn-
1-yl 5-chlorothiophene-2-carboxylate (2.34 g, 64%) as a clear, colorless oil. 'H NMR (400
MHz, CDCl3) 6 7.55 (d, J= 4.0 Hz, 1H), 6.89 (d, J= 4.0 Hz, 1H), 4.27 (t, J= 6.4 Hz, 2H), 2.23
(td, J= 7.0, 2.6 Hz, 2H), 1.94 (t, J= 2.6 Hz, 1H), 1.89 - 1.78 (m, 2H), 1.71 - 1.58 (in, 2H). 13 C
NMR (100 MHz, CDCl3) 6 161.2, 137.3, 132.9, 131.9, 127.2, 83.7, 68.8, 64.8, 27.6, 24.9, 18.1.
IR (neat, cm-1) 3302, 2950, 1709, 1533, 1425, 1331, 1249, 1087. Anal. Calcd. for C11H 11Cl0 2S:
C, 54.43; H, 4.57. Found: C, 54.70; H, 4.75.
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General Procedure for the zirconium-catalyzed hydroboration of alkynes
Me Me MeMe.... Me (Cp2Zr(HCI)] (10 mol %) 9 O Me
R O', 01- Et 3N (10 mol %) $ MeH 60 *C, 24 h RM
In an inert atmosphere glove box, a vial was charged with Schwartz's Reagent [Cp2Zr(HCl), 0.10
equiv]. The vial was sealed with a screw cap and removed from the glove box. An oven-dried
reaction tube was charged with the alkyne. The tube was sealed with a PTFE-lined cap and
purged with argon. Pinacol borane (2.0 equiv) and Et3N (0.10 equiv) were added via syringe.
Schwartz's reagent was then added to the vial in a single portion. The tube was purged with
argon and then placed in a preheated 60 *C oil bath and the reaction was stirred for 24 h. The
crude reaction mixture was partitioned between Et2O and H20. The organic layer was washed
with H20 and brine and dried over MgSO 4. The organic solution was concentrated by rotary
evaporation and purified by flash chromatography using the indicated solvent system.
Me Me (E)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hex-5-en-1-y
O O _Me
zo B.' Me furan-2-carboxylate The title compound was prepared according to
the General Procedure using hex-5-yn-1-yl furan-2-carboxylate (1.91
g, 10 mol, 1.0 equiv), pinacol borane (2.60 g, 3.01 mL, 20 mmol, 2.0 equiv), Schwartz's Reagent
(258 mg, 1.0 mmol, 0.10 equiv), Et3N (105 mg, 0.144 mL, 1.0 mmol, 0.10 equiv). After work up,
the compound was purified by flash chromatography (5-20% EtOAc/hexanes) to afford (E)-6-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hex-5-en-1-yl furan-2-carboxylate (1.43 g, 45%) as
a clear, colorless oil. 'H NMR (400 MHz, CDCl 3) 6 7.16 (dd, J= 3.5, 0.7 Hz, 1H), 6.62 (dt, J=
18.0, 6.4 Hz, 1H), 6.50 (dd, J= 3.5, 1.7 Hz, 1H), 5.45 (dt, J= 17.9, 1.4 Hz, 1H), 4.30 (t, J= 6.6
Hz, 2H), 2.22 (td, J= 7.6, 1.4 Hz, 2H), 1.81 - 1.71 (m, 2H), 1.56 (ddd, J= 15.1, 10.8, 5.6 Hz,
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2H), 1.26 (s, 12H). 13C NMR (100 MHz, CDCl 3) 6 158.8, 153.6, 146.2, 117.7, 111.8, 83.0, 64.8,
35.2, 28.2, 24.8, 24.5. IR (neat, cm-) 2978, 1727, 1636, 1475, 1396, 1360, 1292, 1176, 1119.
Anal. Calcd. for C 17H25BC10 5: C, 63.77; H, 7.87. Found: C, 63.51; H, 7.99.
Me Me (E)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hex-5-en-1-
0 9-<;'m e
S B 0 Me yl 5-chlorothiophene-2-carboxylate The title compound was
prepared according to the General Procedure using hex-5-yn-1-yl 5-chlorothiophene-2-
carboxylate (2.0 g, 8.24 mol, 1.0 equiv), pinacol borane (2.10 g, 2.39 mL, 16.48 mmol, 2.0
equiv), Schwartz's Reagent (212 mg, 0.824 mmol, 0.10 equiv), Et 3N (83 mg, 0.115 mL, 0.824
mmol, 0.10 equiv). After work up, the compound was purified by flash chromatography (5-8%
EtOAc/hexanes) to afford (E)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hex-5-en-1-yl 5-
chlorothiophene-2-carboxylate (1.52 g, 50%) as a clear, colorless oil. 1H NMR (400 MHz,
CDCl 3) 5 7.57 (d, J= 3.9 Hz, 1H), 6.92 (d, J= 4.0 Hz, 1H), 6.61 (dt, J= 17.9, 6.4 Hz, 1H), 5.45
(d, J= 18.0 Hz, 1H), 4.26 (t, J= 6.5 Hz, 2H), 2.21 (q, J= 7.0 Hz, 2H), 1.79 - 1.69 (in, 2H), 1.60
- 1.50 (in, 2H), 1.26 (s, 12H). "C NMR (100 MHz, CDCl 3) 6 161.2, 153.5, 137.2, 132.8, 132.1,
127.2, 83.1, 65.2, 35.2, 28.1, 24.8, 24.5. IR (neat, cm-') 2978, 1726, 1639, 1475, 1360, 1292,
1177, 1141, 1116. Anal. Calcd. for C 17H24 BC10 4S: C, 55.08; H, 6.53. Found: C, 55.36; H, 6.63.
Me Me (E)-4,4,5,5-tetramethyl-2-(5-phenylpent-1-en-1-yl)-1,3,2-
IAMe
B'O Me dioxaborolane The title compound was prepared according to the
General Procedure using pent-4-yn-1-ylbenzene (5 g, 34.7 mol, 1.0 equiv), pinacol borane (8.83
g, 10.0 mL, 69 mmol, 2.0 equiv), Schwartz's Reagent (895 mg, 3.47 mmol, 0.10 equiv), Et3N
(351 mg, 0.4.83 mL, 1.0 mmol, 0.10 equiv). After work up, the compound was purified by flash
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chromatography (10% EtOAc/hexanes) to afford (E)-4,4,5,5-tetramethyl-2-(5-phenylpent-1-en-
1-yl)-1,3,2-dioxaborolane (2.74 g, 58%) as a clear, colorless oil. 1H NMR (400 MHz, CDCl3) 6
7.34 - 7.25 (m, 2H), 7.25 - 7.16 (m, 3H), 6.70 (dt, J= 17.9, 6.4 Hz, 1H), 5.51 (d, J= 18.0 Hz,
1H), 2.70 - 2.60 (m, 2H), 2.28 - 2.18 (m, 2H), 1.86 - 1.74 (m, 2H), 1.30 (s, 12H). 13C NMR
(100 MHz, CDCl3) 6 154.1, 142.3, 128.5, 128.3, 125.8, 83.0, 35.3, 35.3, 29.9, 24.8. IR (neat, cm~
1) 2978, 2928, 1637, 1454, 1364, 1317, 1144.
General Procedure for the preparation of vinyl-BF 3K reagents from vinyl-BPin esters
Me Me Aq. KHF 2 (4.5 M)
1 j)<Me acetonitrile R
R B, Me 0 OC to rt
A 100 mL round-bottom flask was charged with the vinyl-BPin ester (1.0 equiv) and
acetonitrile. The flask was cooled to 0 *C and a solution of saturated aqueous KHF2 (-4.5 M, 3
equiv) was added dropwise over 5 min. The cooling bath was removed and the reaction was
allowed to proceed at room temperature. After stirring at room temperature for 2 h, the reaction
mixture was concentrated in vacuo. The solid was subsequently triturated with hot acetone (5 x
20 mL) and filtered. The acetone solution was concentrated and dissolved in a minimum volume
of hot acetone. Diethyl ether was added until precipitation of the product occurred. Filtration
and drying under high vacuum afforded the trifluoroborate salt in sufficient purity to proceed
with subsequent transformations.
BFaK Potassium (E)-2-(4-bromostyryl)ethylenyltrifluoroborate 
The title
Br compound was prepared according to the General Procedure using (E)-(4-
bromostyryl)boronic acid pinacol ester (1.0 g, 3.24 mmol, 1.0 equiv), acetonitrile (10 mL), and
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4.5 M KHF2 (2.2 mL, 3.0 equiv). After work up, the title compound was afforded potassium
(E)-2-(4-bromostyryl)ethylenyltrifluoroborate (0.918 g, 98%) as a white solid. 'H NMR (300
MiHz, Acetone-d6) 6 7.37 (d, J= 8.4 Hz, 2H), 7.28 (d, J= 8.6 Hz, 2H), 6.66 (d, J= 18.2 Hz, 1H),
6.36 (dq, J = 18.2, 3.7 Hz, 1H). 13 C NMR (75 MHz, DMSO-d6) 6 139.51, 132.14 (q, J= 4.2 Hz),
131.1, 127.5, 118.7. 1F NMR (282 MHz, Acetone-d6) 6 -141.0. IR (neat, cm-1) 2994, 1623,
1486, 1397, 1247, 1103, 1073, 971.
MeO BF 3 K Potassium (E)-2-(3,5-dimethoxystyryl)ethylenyltrifluoroborate The title
compound was prepared according to the General Procedure using (E)-(3,5-
OMe
dimethoxystyryl)boronic acid pinacol ester (1.0 g, 3.45 mmol, 1.0 equiv), acetonitrile (7 mL),
and 4.5 M KHF2 (2.3 mL, 3.0 equiv). After work up, the title compound was afforded potassium
(E)-2-(3,5-dimethoxystyryl)ethylenyltrifluoroborate (0.876 g, 94%) as a white solid. 'H NMR
(400 MHz, Acetone-d6) 6 6.58 (d, J= 18.2 Hz, 1H), 6.50 (d, J= 2.0 Hz, 2H), 6.31 - 6.20 (m,
2H). 13C NMR (100 MHz, Acetone-d6) 6 161.1, 143.1, 134.7 (q, J= 4.4 Hz), 103.8, 98.5, 54.7.
19F NMR (282 MHz, Acetone-d6) 6 -140.7. IR (neat, cmf) 2961, 1696, 1457, 1262, 1153,
1064, 996. Anal. Calcd. for CioH11BF 3KO 2: C, 44.47; H, 4.10. Found: C, 44.50; H, 4.08.
Potassium (E)-(2-(1-tosyl-1H-indol-3-yl)vinyl)trifluoroborate 25 ,26 The title
TsN BF3K compound was prepared according to the General Procedure using (E)-3-(2-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)-1-tosyl-1H-indole (0.843 g, 1.99 mmol, 1.0
equiv), acetonitrile (4 mL), and 4.5 M KHF2 (1.4 mL, 3.0 equiv). After work up, the title
compound was afforded potassium (E)-(2-(1-tosyl-1H-indol-3-yl)vinyl)trifluoroborate (0.660 g,
82%) as a white solid. 'H NMR (400 MHz, Acetone-d6) 6 7.96 (d, J= 8.3 Hz, 1H), 7.79 (t, J=
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7.6 Hz, 3H), 7.54 (s, 1H), 7.31 - 7.13 (m, 4H), 6.78 (d, J= 18.6 Hz, 1H), 6.39 (dd, J= 18.6, 3.6
Hz, 1H), 2.22 (s, J = 7.9 Hz, 3H). 13 C NMR (100 MHz, Acetone-d6) 8 145.4, 135.9, 135.3,
130.3, 130.1, 127.0, 124.7, 124.6, 124.5 (q, J= 4.8 Hz), 123.5, 122.4, 121.0, 113.7, 20.7. 19F
NMR (282 MHz, Acetone-d6) 6 -141.0. IR (neat, cm-') 1700, 1636, 1446, 1370, 1274, 1189,
1094, 965.
Potassium (E)-(6-((furan-2-carbonyl)oxy)hex-1-en-1-
BF3K
e O BF3K yl)trifluoroborate The title compound was prepared according to the
General Procedure using (E)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hex-5-en-l-yl furan-
2-carboxylate (1.23 g, 3.84 mmol, 1.0 equiv), acetonitrile (7 mL), and 4.5 M KHF2 (2.56 mL, 3.0
equiv). After work up, the title compound was afforded Potassium (E)-(6-((furan-2-
carbonyl)oxy)hex-1-en-1-yl)trifluoroborate (0.680 g, 59%) as a white solid. 'H NMR (400
MHz, Acetone-d6) 5 7.75 (s, 1H), 7.18 (d, J= 3.4 Hz, 1H), 6.58 (d, J= 2.9 Hz, 1H), 5.74 - 5.60
(m, 1H), 5.36 (dd, J= 17.1, 3.5 Hz, 1H), 4.22 (t, J= 6.4 Hz, 2H), 1.97 (d, J= 6.3 Hz, 2H), 1.73 -
1.61 (m, 2H), 1.49 - 1.34 (m, 2H). 13 C NMR (100 MHz, Acetone-d6) S 159.8, 148.4, 146.5,
136.2, 119.2, 113.5, 69.9, 66.1, 36.8, 29.8, 27.2.' 9F NMR (282 MHz, Acetone-d6) 6 -140.1. IR
(neat, cm~) 2939, 1645, 1478, 1398, 1301, 1257, 1096, 958.
0 Potassium (E)-(6-((5-chlorothiophene-2-carbonyl)oxy)hex-1-en-1-
s o B 3K
Ci \ I BF yl)trifluoroborate The title compound was prepared according to the
General Procedure using (E)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hex-5-en-1-yl 5-
chlorothiophene-2-carboxylate (1.48 g, 4.0 mmol, 1.0 equiv), acetonitrile (7 mL), and 4.5 M
KHF2 (2.7 mL, 3.0 equiv). After work up, the title compound was afforded potassium (E)-(6-
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((5-chlorothiophene-2-carbonyl)oxy)hex-1-en-1-yl)trifluoroborate (1.26 g, 90%) as a white solid.
'H NMR (400 MHz, Acetone-d6) 6 7.61 (t, J= 3.1 Hz, 1H), 7.10 (d, J= 4.0 Hz, 1H), 5.68 (dt, J
= 16.8, 5.9 Hz, 1H), 5.42 - 5.31 (m, 1H), 4.28 - 4.17 (m, 2H), 1.99 - 1.91 (m, 2H), 1.74 - 1.61
(m, 2H), 1.42 (dq, J= 15.0, 7.6 Hz, 2H). 13 C NMR (100 MHz, Acetone-d6) 5 162.2, 137.6, 136.4
(q, J= 4.7 Hz), 134.8, 134.1, 129.6, 69.9, 66.9, 36.7, 29.8, 27.2. 'F NMR (282 MHz, Acetone-
d6) 6-140.1. IR (neat, cm-) 2925, 2229, 1645, 1428, 1256, 1139, 1056, 956.
Preparation of potassium ((1E,3E)-4-phenylbuta-1,3-dien-1 -yl)trifluoroborate2 7
MeN
/ i. 1 M NaOH, THF, rt BF3K
B,;O O*010 o ii. 4.5 M KHF2, MeOH 14
0 *C to it
A 100 mL round-bottom flask was charged with the MIDA boronate (0.70 g, 2.45 mmol, 1.0
equiv), THF (35 mL). 1 M NaOH (7.37 mL, 3.0 equiv) was added dropwise over a few minutes.
The reaction mixture was stirred for 15 min at room temperature. The reaction was quenched
with 0.50 M pH 7 phosphate buffer (35 mL). The mixture was poured into a separatory funnel
containing Et2O (35 mL). The organic layer was separated and the aqueous layer was extracted
with Et 20:THF (1:1, 3 x 30 mL). The combined organic extracts were dried over MgSO 4 and
concentrated in vacuo. The crude boronic acid was then dissolved in MeOH (2.5 mL) and
cooled to 0 *C. 4.5 M KHF2 (1.6 mL, 3 equiv) was then added dropwise. The cooling bath was
removed and the reaction was allowed to warm to room temperature and continue to stir for two
hours. The reaction mixture was concentrated in vacuo. The solid was subsequently triturated
with hot acetone (5 x 20 mL) and filtered. The acetone solution was concentrated and dissolved
in a minimum volume of hot acetone. Diethyl ether was added until precipitation of the product
occurred. Filtration and drying under high vacuum afforded ((1E,3E)-4-phenylbuta-1,3-dien-1-
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yl)trifluoroborate (0.211 g, 36%) as a light yellow crystalline solid. 'H NMR (400 MHz,
DMSO-d6) 6 7.35 (d, J= 7.7 Hz, 2H), 7.24 (t, J= 7.5 Hz, 2H), 7.11 (t, J= 7.2 Hz, 1H), 6.70 (dd,
J= 15.6, 10.3 Hz, 1H), 6.37 - 6.22 (in, 2H), 5.73 (dd, J= 17.4, 3.7 Hz, 1H). "C NMR (100
MHz, DMSO-d6) 6 138.5, 135.1 (q, J = 4.2 Hz), 134.3, 129.2, 128.2, 127.3, 126.4. '9F NMR
(282 MHz, Acetone-d6) 6 -140.1. IR (neat, cm~') 3060, 3028, 1627, 1601, 1266, 700.
Preparation of (Z)-vinyl-BF3 K reagents2 8
i. nBuLi, HBPin
Et 20, -78 *C to rt; R )
then 4 M HCI Aq. 4.5 M KHF 2
R ii. HBCY2, O' MeOH, 0 *C to rt BF3K
then 0 OC, AcOH Me Me
and H2N OH
(Z)-4,4,5,5-tetramethyl-2-(4-methylstyryl)-1,3,2-dioxaborolane Prior to
me Me"0ethe final silica gel filtration, all manipulations were performed using Schlenk
Me Me
techniques under an argon atmosphere. To a flame-dried 100 mL round bottom flask under an
atmosphere of argon was added 20 mL Et2O and 2.5 mL 1-ethynyl-4-methylbenzene (2.29 g,
19.7 mmol, 1 equiv). The solution was cooled to -78 'C, and 7.9 mL 2.5 M n-BuLi in hexanes
(19.7 mmol, 1 equiv) was added dropwise. The solution was allowed to stir at -78 *C for 30 min,
after which a solution of 2.9 mL 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (20 mmol, 1.01 equiv)
in 20 mL of Et2O was added dropwise via cannula. After stirring for 10 min at -78 *C, the
cooling bath was removed and the solution was allowed to slightly warm so that it was no longer
viscous. 4.9 mL of 4 M HCl in dioxane (19.6 mmol, 1 equiv) was added dropwise, resulting in
the formation of a slurry, which upon warming to room temperature became a suspension. The
heterogeneous solution was transferred via cannula onto a Schlenk filtration apparatus containing
a pad of Celite. The solution was directly filtered into a Schlenk flask containing 3.51 g
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dicyclohexylborane (19.7 mmol, 1 equiv). An additional 20 mL Et2O was used to wash the
Celite plug. The resulting solution was stirred at room temperature for 30 min and then cooled to
0 *C. 1.24 mL glacial acetic acid (1.3 g, 21.7 mmol, 1.1 equiv) was added and the reaction was
stirred for 10 min at 0 *C. 2.62 mL ethanolamine (2.65 g, 43.4 mmol, 2.2 equiv) was added, the
ice bath was removed, and the solution was allowed to warm to room temperature. Following
dilution with 40 mL hexanes, the solution was filtered through a pad of silica gel, which was
eluted with an additional 60 mL hexanes. The product was concentrated via rotatory evaporation
to yield a yellow oil. Purification by flash chromatography (95:5 to 90:10 hexanes:EtOAc)
yielded the title compound as a pale yellow oil (3.07 g, 64%). Spectral properties matched
previously reported values. 29
Potassium (Z)-2-(4-methylstyryl)ethylenyltrifluoroborate (Z)-4,4,5,5-
me tetramethyl-2-(4-methylstyryl)-1,3,2-dioxaborolane (3.06 g, 12.5 mmol, 1
equiv) and 25 mL of methanol was added to a 200 mL round bottom flask. Saturated KHF2
solution in water (-4.5 M, 14 mL, 63 mmol, 5 equiv) was added dropwise, and the reaction was
stirred for 2 hours at room temperature. The solvent was then removed via rotatory evaporation
and the resulting solid was dried under high vacuum for 16 hours. The solid was subsequently
triturated with acetone (3 x 60 mL) and filtered. The acetone solution was concentrated to -10
mL in volume via rotatory evaporation. 300 mL of diethyl ether was added and the slurry was
allowed to sit at room temperature for 10 minutes. Filtration and drying under high vacuum
afforded the trifluoroborate salt as a white solid [1.91 g, 68%, mp 174 *C (decomp.)]. 1H NMR
(300 MHz, Acetone-d6) 6 7.54 (d, J= 8.1 Hz, 2H), 6.99 (d, J= 7.8 Hz, 2H), 6.51 (br, 1H), 5.62
(dq, J= 15.1, 6.6 Hz, 1H), 2.25 (s, 3H). 13 C NMR (75 MHz, Acetone-d6) 6 139.1, 137.3 (q, J=
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5.7 Hz), 135.6, 129.3 (q, J= 2.5 Hz), 129.0, 21.2. 9F NMR (282 MHz, Acetone-d6) 6 -135.3
(m). IR (neat, cm-1) 2977, 2923, 1696, 1618, 1512, 1397, 1257, 1170, 847. Anal. Calcd. for
C9H9BF3K: C, 48.24; H, 4.05. Found: C, 48.11; H, 4.16.
(Z)-4,4,5,5-tetramethyl-2-(5-phenylpent--en-1-yl)-1,3,2-dioxaborolane
0,B'O Prior to the final silica gel filtration, 
all manipulations were performed
Me MMe using Schlenk techniques under an argon atmosphere. To a flame-dried 100
mL round bottom flask under an atmosphere of argon was added 20 mL Et 2O and 3 mL pent-4-
yn-1-ylbenzene (2.85 g, 19.7 mmol, 1 equiv). The solution was cooled to -78 *C, and 7.9 mL 2.5
M n-BuLi in hexanes (19.7 mmol, 1 equiv) was added dropwise. The solution was allowed to
stir at -78 *C for 30 min, after which a solution of 2.9 mL 4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (20 mmol, 1.01 equiv) in 20 mL of Et2O was added dropwise via cannula. After
stirring for 10 min at -78 *C, the cooling bath was removed and the solution was allowed to
slightly warm so that the solution was no longer viscous. 4.9 mL of 4 M HCl in dioxane (19.6
mmol, 1 equiv) was added dropwise, resulting in the formation of a slurry, which upon warming
to room temperature became a suspension. The heterogeneous solution was transferred via
cannula onto a Schlenk filtration apparatus containing a pad of Celite. The solution was directly
filtered into a Schlenk flask containing 3.51 g dicyclohexylborane (19.7 mmol, 1 equiv). An
additional 20 mL Et 20 was used to wash the Celite plug. The resulting solution was stirred at
room temperature for 30 min and then cooled to 0 *C. 1.24 mL glacial acetic acid (1.3 g, 21.7
mmol, 1.1 equiv) was added and the reaction was stirred for 10 min at 0 *C. 2.62 mL
ethanolamine (2.65 g, 43.4 mmol, 2.2 equiv) was added, the ice bath was removed, and the
solution was allowed to warm to room temperature. Following dilution with 40 mL hexanes, the
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solution was filtered through a pad of silica gel, which was eluted with an additional 60 mL
hexanes. The product was concentrated via rotatory evaporation to yield a pale yellow oil.
Purification by flash chromatography (hexanes to 95:5 hexanes:EtOAc) yielded the title
compound as a clear, colorless oil (3.42 g, 64%). 'H NMR (300 MHz, CDCl 3) 6 7.36 - 7.12 (m,
5H), 6.57 - 6.37 (m, 1H), 5.38 (dt, J= 13.5, 1.3 Hz, 1H), 2.69 - 2.59 (m, 2H), 2.47 (qd, J= 7.5,
1.3 Hz, 2H), 1.73 (ddd, J= 15.1, 10.7, 6.9 Hz, 2H), 1.26 (s, 12H). 13 C NMR (75 MHz, CDCl3) 6
154.34, 142.44, 128.31, 128.08, 125.46, 82.63, 35.30, 31.81, 31.19, 24.70. IR (neat, cm-') 2979,
2929, 1628, 1497, 1389, 1323, 1215, 1145.
Potassium (Z)-2-(5-phenylpent-1-en-1-yl)trifluoroborate (Z)-4,4,5,5-
tetramethyl-2-(5-phenylpent-1-en-1-yl)-1,3,2-dioxaborolane (3.15 g, 11.6
BF3K
mmol, 1 equiv) and 23 mL of methanol was added to a 200 mL round bottom flask. Saturated
KHF2 solution in water (-4.5 M, 12.8 mL, 57.6 mmol, 5 equiv) was added dropwise, and the
reaction was stirred for 2 hours at room temperature. The solvent was then removed via rotatory
evaporation and the resulting solid was dried under high vacuum for 16 hours. The solid was
subsequently extracted with acetone (3x60 mL) and filtered. The acetone solution was
concentrated to -10 mL in volume via rotatory evaporation. 200 mL of diethyl ether was added
and the slurry was allowed to sit at room temperature for 10 minutes. Filtration and drying under
high vacuum afforded the trifluoroborate salt as a white solid (2.52 g, 86%, mp > 250 *C). 'H
NMR (300 MHz, Acetone-d6) 6 7.29 - 7.05 (m, 5H), 5.65 (br, 1H), 5.34 (dqd, J = 7.0, 5.6, 4.4
Hz, 1H), 2.65 - 2.55 (m, 2H), 2.27 (q, J= 7.3 Hz, 2H), 1.72 - 1.53 (m, 2H). 13 C NMR (75 MHz,
Acetone-d6) S 144.1, 138.6 (d, J= 4.6 Hz), 129.1, 128.9, 126.1, 36.4, 33.4, 31.8. 'F NMR (282
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M-z, Acetone- d6 ) 6 -134.35 - -135.72 (in). IR (neat, cm~') 3028, 2857, 1630, 1497, 1454, 1400,
1250, 750.
General Procedure for the FeCl2-catalyzed trifluoromethylation of vinyl-BF3K reagents
An oven dried reaction tube was charged with the potassium vinyltrifluoroborate (1.1 equiv),
Togni reagent 1 (1.0 equiv), and iron(II) chloride (0.10 equiv). The tube was sealed with a
PTFE-lined screw cap and evacuated and backfilled with argon (repeated for a total of three
times). The vial was then charged with acetonitrile (2.5 mL/mmol 1) and the reaction mixture
was stirred at room temperature for 24 h. The contents of the vial were then transferred to a
separatory funnel containing saturated NaHCO 3 (approx. 10 mL) using CH 2C12. The aqueous
layer was extracted with CH 2Cl 2 (3 x 15 mL). The combined organic extracts were washed with
brine (20 mL), dried over Na2SO4, and concentrated onto silica gel. The products were purified
by flash chromatography using the indicated solvent system.
CFa (E)-1-methyl-4-(3,3,3-trifluoroprop-1-en-1-yl)benzene The title compound
was prepared according to the general procedure using potassium (Z)-2-(4-
methylstyryl)ethylenyltrifluoroborate (246 mg, 1.1 mol, 1.1 equiv), 1 (316 mg, 1 mmol, 1 equiv),
FeCl 2 (12.7 mg, 0.1 mmol, 0.1 equiv) in 2.5 mL CH3CN. After work up, the compound was
purified by flash chromatography (pentane) to afford (E)-1 -methyl-4-(3,3,3-trifluoroprop-1 -en-I -
yl)benzene (136 mg, 73%) as a white solid (mp 57-58 *C). 'H NMR (300 MHz, CDCl3) 6 7.37
(d, J= 8.1 Hz, 2H), 7.23 (d, J= 8.0 Hz, 2H), 7.16 (dq, J= 16.1, 2.1 Hz, 1H), 6.19 (dq, J= 16.1,
6.6 Hz, 1H), 2.42 (s, 3H). 13C NMR (75 MHz, CDCl 3) 6 140.3, 137.53 (q, J= 6.9 Hz), 130.63,
129.61, 127.46, 123.84 (q, J= 268.6 Hz), 114.68 (q, J= 33.7 Hz), 21.28. '9F NMR (282 MHz,
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CDCl3) 8 -63.42 (d, J= 5.6 Hz). IR (neat, cm') 1694, 1548, 1512, 1336, 1314, 1273, 1204, 977.
Anal. Calcd. for C1oH9F3 : C, 64.51; H, 4.87. Found: C, 64.24; H, 4.71.
CF (E)-1-chloro-4-(3,3,3-trifluoroprop-1-en-1-yl)benzene The title compound
was prepared according to the general procedure using potassium (E)-2-(4-
chlorostyryl)ethylenyltrifluoroborate (269 mg, 1.1 mol, 1.1 equiv), 1 (316 mg, 1 mmol, 1 equiv),
FeCl2 (12.7 mg, 0.1 mmol, 0.1 equiv) in 2.5 mL CH 3CN. After work up, the compound was
purified by flash chromatography (pentane) to afford (E)-1-chloro-4-(3,3,3-trifluoroprop-1-en-1-
yl)benzene (164 mg, 79%) as a clear, colorless liquid. 'H NMR (300 MHz, CDCl 3) 6 7.41 - 7.31
(m, 4H), 7.09 (dq, J= 16.2, 2.2 Hz, 1H), 6.16 (dq, J= 16.1, 6.5 Hz, 1H). 13C NMR (75 MHz,
CDCl3) 5 136.39 (q, J = 6.8 Hz), 135.95, 131.86, 129.16, 128.70, 123.44 (q, J = 269.0 Hz),
116.37 (q, J= 34.0 Hz). 1'F NMR (282 MHz, CDCl3) 6 -63.71 (d, J= 6.3 Hz). IR (neat, cm' )
1667, 1595, 1493, 1410, 1333, 1276, 1204, 972. Anal. Calcd. for C9H6 ClF 3: C, 52.40; H, 5.20.
Found: C, 52.35; H, 2.96.
1%Z NCF (E)-1-bromo-4-(3,3,3-trifluoroprop-1-en-1-yl)benzene The title compound
was prepared according to the general procedure using potassium (E)-2-(4-
bromostyryl)ethylenyltrifluoroborate (318 mg, 1.1 mol, 1.1 equiv), 1 (316 mg, 1 mmol, 1 equiv),
FeCl 2 (12.7 mg, 0.1 mmol, 0.1 equiv) in 2.5 mL CH 3CN. After work up, the compound was
purified by flash chromatography (pentane) to afford (E)-1-bromo-4-(3,3,3-trifluoroprop-1-en-1-
yl)benzene (181 mg, 72%) as a clear, colorless liquid. 'H NMR (300 MHz, CDCl 3) 6 7.58 - 7.45
(m, 2H), 7.34 - 7.23 (m, 2H), 7.07 (dq, J= 16.1, 2.2 Hz, 1H), 6.18 (dq, J= 16.1, 6.5 Hz, 1H).
13C NMR (75 MHz, CDCl3) 6 136.45 (q, J= 6.8 Hz), 132.26, 132.12, 128.93, 124.21, 123.40 (q,
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J= 268.9 Hz), 116.46 (q, J= 34.0 Hz). '9F NMR (282 MHz, CDCl 3) 6 -63.76 (d, J= 6.3 Hz). IR
(neat, cm~) 1664, 1591, 1489, 1404, 1314, 1298, 1277, 1205, 1073. Anal. Calcd. for C9H6BrF3:
C, 43.06; H, 2.41. Found: C, 43.32; H, 2.50.
1A1*rNkCF (E)-1-methoxy-4-(3,3,3-trifluoroprop-1-en-1-yl)benzene 
The title
compound was prepared according to the general procedure using potassium
(E)-2-(4-methoxystyryl)ethylenyltrifluoroborate (132 mg, 0.55 mol, 1.1 equiv), 1 (158 mg, 0.5
mmol, 1 equiv), FeCl 2 (6.3 mg, 0.05 mmol, 0.1 equiv) in 1.25 mL CH 3CN. After work up, the
compound was purified by flash chromatography (30:1 pentane:Et2O) to afford (E)-1-methoxy-
4-(3,3,3-trifluoroprop-1-en-1-yl)benzene (70 mg, 69%) as a white solid in 85% purity (with 15%
protodeboronation side-product). 'H NMR (300 MHz, CDCl 3) 5 7.40 (d, J = 8.7 Hz, 2H), 7.10
(d, J= 16.1 Hz, 1H), 6.91 (d, J= 8.7 Hz, 2H), 6.20 - 5.97 (m, 1H), 3.84 (s, 3H). 13C NMR (75
MHz, CDCl 3) 6 161.02, 137.07 (q, J= 6.8 Hz), 129.00, 126.00, 123.93 (q, J= 268.3 Hz), 114.26,
113.30 (q, J= 33.6 Hz), 55.28. '9F NMR (282 MHz, CDCl 3) 6 -63.11 (d, J= 6.3 Hz). IR (neat,
cm-') 2963, 1664, 1608, 1514, 1313, 1255, 1208, 1108, 1034. Anal. Calcd. for CIOH 9F30: C,
59.41; H, 4.49. Found: C, 59.14; H, 4.55.
MeO ? CF3 (E)-1,3-Dimethoxy-5-(3,3,3-trifluoroprop-1-en-1-yl)benzene The title
OMe compound was prepared according to the General Procedure using potassium
(E)-2-(3,5-dimethoxystyryl)ethylenyltrifluoroborate (264 mg, 1.1 mol, 1.1 equiv), 1 (316 mg, 1
mmol, 1 equiv), FeCl2 (12.7 mg, 0.1 mmol, 0.1 equiv) in 2.5 mL CH 3CN. After work up, the
compound was purified by flash chromatography (3% Et 20/hexanes) to afford (E)-1,3-
dimethoxy-5-(3,3,3-trifluoroprop-1-en-1-yl)benzene (167 mg, 72%) as a clear, colorless oil. 'H
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NMR (400 MHz, CDCl 3) 6 7.05 (dd, J= 16.1, 2.1 Hz, 1H), 6.56 (d, J= 2.2 Hz, 2H), 6.46 (t, J=
2.2 Hz, 1H), 6.21 - 6.10 (dq, J= 16.1, 6.5, 1H), 3.79 (s, 6H). 13C NMR (100 MHz, CDCl 3) 6
161.1, 137.7 (q, J= 6.8 Hz), 135.3, 123.5 (q, J= 268.9 Hz), 116.3 (q, J= 33.8 Hz), 105.5, 102.1,
55.4. '9F NMR (282 MHz, CDCl 3) 6 -63.6 (d, J= 6.5 Hz). IR (neat, cm') 2950, 1665, 1597,
1461, 1428, 1288, 1205, 1158, 1119, 1065. Anal. Calcd. for CIIHuIF 30 2: C, 56.90; H, 4.77.
Found: C, 56.78; H, 4.81.
(E)-1-Tosyl-3-(3,3,3-trifluoroprop-1-en-1-yl)-1H-indole The title compound
CF3
TsN was prepared according to the General Procedure using potassium (E)-(2-(1-
tosyl-1H-indol-3-yl)ethylenetrifluoroborate (222 mg, 0.55 mol, 1.1 equiv), 1 (158 mg, 0.50
mmol, 1 equiv), FeCl 2 (6.3 mg, 0.05 mmol, 0.1 equiv) in 1.25 mL CH3CN. After work up, the
compound was purified by flash chromatography (10% EtOAc/hexanes) to afford (E)-1-tosyl-3-
(3,3,3-trifluoroprop-1-en-1-yl)-1H-indole (130 mg, 71%) as a white crystalline solid (mp 124-
127 *C). 'H NMR (400 MHz, CDCl3) 8 8.04 (t, J= 7.6 Hz, 1H), 7.87 - 7.76 (m, 3H), 7.72 (t, J=
7.7 Hz, 1H), 7.41 (t, J= 7.6 Hz, 1H), 7.33 (t, J= 7.5 Hz, 1H), 7.30 - 7.17 (in, 3H), 6.31 (dq, J=
16.1, 6.4 Hz, 1H), 2.34 (s, 3H). 13C NMR (100 MHz, CDCl 3) 6 145.6, 135.5, 134.8, 130.1, 128.8
(q, J= 7.2 Hz), 127.9, 127.6, 127.0, 125.6, 124.1, 123.7 (q, J= 268.8 Hz), 120.2, 116.8, 116.1
(q, J= 33.9 Hz), 113.9, 21.6. '9F NMR (282 MHz, CDCl3) 6 -63.6 (s). IR (neat, cm') 1666,
1597, 1448, 1378, 1276, 1175, 973. Anal. Calcd. for Ci 8HI4F3NO2 S: C, 59.17; H, 3.86. Found:
C, 59.37; H, 3.85.
CF3 (E)-3-(3,3,3-trifluoroprop-1-en-1-yl)thiophene The title compound was
S
prepared according to the General Procedure using potassium (L)-(2-(thiophen-3-
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yl)ethylenetrifluoroborate (238 mg, 1.1 mol, 1.1 equiv), 1 (316 mg, 1.0 mmol, 1 equiv), FeCl2
(12.7 mg, 0.1 mmol, 0.1 equiv) in 2.25 mL CH 3CN. After work up, the compound was purified
by flash chromatography (pentane) to afford (E)-3-(3,3,3-trifluoroprop-1-en-1-yl)thiophene (131
mg, 74%) as a clear, colorless oil containing approximately 10 mol % of a protodeboronated side
product. 'H NMR (400 MHz, CDCl 3) 8 7.38 (t, J= 4.8 Hz, 1H), 7.33 (dd, J= 5.1, 2.9 Hz, 1H),
7.25 - 7.19 (in, 1H), 7.12 (dd, J= 16.1, 2.0 Hz, 1H), 6.03 (dq, J= 16.0, 6.6 Hz, 1H). '3 C NMR
(100 MHz, CDCl3) 8 136.2, 131.38 (q, J= 6.9 Hz), 127.1, 127.0, 124.8, 123.7 (q, J= 268.9 Hz),
115.43 (q, J= 33.9 Hz). '9F NMR (282 MHz, CDCl 3) 6 -63.4 (s). IR (neat, cm-1) 1734, 1662,
1389, 1295, 1270, 1116, 968. Anal. Calcd. for C7H5F3S: C, 47.19; H, 2.83. Found: C, 47.01; H,
2.97.
CF3 5,5,5-trifluoropenta-1,3-dien-1-yl)benzene The title compound was
prepared according to the General Procedure using potassium ((1E,3E)-4-
phenylbuta-1,3-dien-1-yl)trifluoroborate (130 mg, 0.55 mol, 1.1 equiv), 1 (158 mg, 0.50 mmol, 1
equiv), FeCl2 (6.3 mg, 0.05 mmol, 0.1 equiv) in 1.25 mL CH 3CN. After work up, the compound
was purified by flash chromatography (pentane) to afford 5,5,5-trifluoropenta-1,3-dien-1-
yl)benzene (130 mg, 71%, 4:1 E,E/E,Z ratio) as a clear, colorless oil. 'H NMR of the E,E/E,Z
mixture (400 MHz, CDCl 3) 6 7.51 - 7.40 (m, 3H, mixture), 7.40 - 7.28 (m, 4H, mixture), 6.95 -
6.85 (m, 1H, mixture), 6.85 - 6.70 (m, 2H, mixture), 6.56 (t, J= 11.6 Hz, 1H, minor), 5.79 (dq, J
= 14.0, 6.9 Hz, 1H, major), 5.55 (dq, J= 17.9, 8.9 Hz, 1H, minor). 13C NMR of the E isomer
(100 MHz, CDCl 3) 8 139.3 (two overlapping resonances), 137.5 (q, J= 6.9 Hz), 135.8, 129.0,
128.8, 127.0, 124.9, 123.5 (d, J= 268.5 Hz), 118.3 (q, J= 33.7 Hz). 19F NMR (282 MHz,
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CDCl 3) 6 -63.4 (s, EE isomer), 57.5 (d, EZ isomer). IR (neat, cm') 2367, 2331, 1651, 1349,
1274, 1231, 1098, 990. Spectral properties matched previously reported values.30
CF3 (E/Z)-(6,6,6-trifluorohex-4-en-1-yl)benzene 
The title compound was
prepared according to the general procedure using potassium (E)-2-(5-
phenylpent-1 -en-i -yl)trifluoroborate (277 mg, 1.1 mol, 1.1 equiv), 1 (316 mg, 1 mmol, 1 equiv),
FeCl 2 (12.7 mg, 0.1 mmol, 0.1 equiv) in 2.5 mL CH 3CN. After work up, the compound was
purified by flash chromatography (pentane) to afford (E/Z)-(6,6,6-trifluorohex-4-en-1-yl)benzene
(151 mg, 71%) as a clear, colorless oil which was isolated as a 67:33 E:Z mixture. The reported
data is for both isomers. 1H NMR (300 MHz, CDCl 3) 6 7.39 - 7.08 (in, 5H), 6.40 (dtq, J= 15.7,
6.7, 2.1 Hz, 1H), 6.01 (dt, J= 11.6, 7.8 Hz, 1H), 5.72 - 5.53 (m, 1H), 2.70 - 2.60 (m, 2H), 2.45 -
2.29 (m, 2H), 2.28 - 2.11 (in, 2H), 1.87 - 1.70 (m, 2H). 13 C NMR (75 MHz, CDCl 3) 6 142.53 (q,
J= 5.4 Hz), 141.70, 141.52, 140.25 (q, J= 6.5 Hz), 128.40, 128.36, 125.97, 125.91, 123.34 (q, J
= 270.1 Hz), 123.08 (q, J= 267.3 Hz), 118.70 (q, J = 33.3 Hz), 118.65 (q, J= 33.2 Hz), 35.33,
35.11, 30.80, 30.62 (dd, J= 2.1, 1.1 Hz), 29.54 (dd, J= 2.3, 1.0 Hz), 28.00. '9F NMR (282 MHz,
CDCl 3) 6 -58.36 (d, J= 8.5 Hz), -64.21 (d, J= 4.7 Hz). IR (neat, cm-') 3029, 2938, 1681, 1497,
1454, 1319, 1275, 1177, 1084, 970 Anal. Calcd. for C12HI3F3 : C, 67.28; H, 6.12. Found: C,
67.36 ; H, 6.24.
CF3 (E)-(3,3,3-trifluoroprop-1-en-1-yl)cyclohexane The title compound was
prepared according to the General Procedure using potassium (E)-(2-
cyclohexyl)ethylenetrifluoroborate (238 mg, 1.1 mol, 1.1 equiv), 1 (316 mg, 1.0 mmol, 1 equiv),
FeCl2 (12.7 mg, 0.1 mmol, 0.1 equiv) in 2.25 mL CH 3CN. After work up, the compound was
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purified by flash chromatography (pentane) to afford (E)-(3,3,3-trifluoroprop-1-en-1-
yl)cyclohexane (71 mg, 40%, 5:1 E/Z) as a clear, colorless oil. 'H NMR of the E/Z mixture (400
MHz, CDCl 3) 6 'H NMR (400 MHz, CDCl 3) 6 6.36 - 6.21 (m, 1H, major), 5.77 (t, J= 11.1 Hz,
1H, minor), 5.61 - 5.38 (m, 1H, mixture), 2.63 - 2.45 (m, 1H, minor), 2.05 (s, 1H, major), 1.74
(d, J= 10.9 Hz, 4H, major), 1.66 (d, J= 14.5 Hz, 2H, minor), 1.36 - 1.01 (m, 7H, mixture). 13C
NMR of the E isomer (100 MHz, CDCl3) 6 145.9 (q, J= 6.2 Hz), 123.7 (q, J= 269.0 Hz), 116.3
(q, J = 33.1 Hz), 39.8, 31.8, 26.0, 25.8. 1F NMR (282 MHz, CDCl 3) 6 - 63.9 (s, E isomer), -
58.0 (s, Z isomer). IR (neat, cm'1) 2928, 2856, 1676, 1450, 1331, 1284, 1162, 1116, 972.
Spectral properties matched previously reported values.3 1
0 CF (E)-7,7,7-trifluorohept-5-en-1-yl furan-2-carboxylate The title
O CF3f compound was prepared according to the General Procedure using
potassium (E)-(6-((furan-2-carbonyl)oxy)hex-1-en-1-yl)trifluoroborate (165 mg, 0.55 mol, 1.1
equiv), 1 (158 mg, 0.50 mmol, 1 equiv), FeCl 2 (9.4 mg, 0.075 mmol, 0.15 equiv) in 1.25 mL
CH 3CN. After work up, the compound was purified by flash chromatography (10%
Et2 O/pentane) to afford (E)-7,7,7-trifluorohept-5-en-1-yl furan-2-carboxylate (130 mg, 71%, 2:1
E/Z) as a clear, colorless oil. 'H NMR of the E/Z mixture (400 MHz, CDCl 3) 6 7.57 (s, 2H,
mixture), 7.16 (t, J= 3.0 Hz, 2H, mixture), 6.50 (dd, J= 3.4, 1.7 Hz, 2H, mixture), 6.37 (dtd, J=
17.6, 6.8, 2.1 Hz, 1H, major), 5.98 (dt, J = 11.6, 7.9 Hz, 1H, minor), 5.71 - 5.55 (m, 2H,
mixture), 4.37 - 4.26 (m, 3H, mixture), 2.42 - 2.32 (m, 2H, minor), 2.22 (d, J = 6.9 Hz, 2H,
major), 1.83 - 1.72 (m, 3H, mixture), 1.65 - 1.51 (m, 3H, mixture). 13C NMR of the E isomer
(100 MHz, CDCl 3) 6 158.7, 146.3, 144.7, 140.0 (q, J= 6.5 Hz), 123.0 (q, J= 269.1 Hz), 118.9
(q, J= 33.3 Hz), 117.9, 111.8, 64.4, 31.0, 28.1, 24.4. '9F NMR (282 MHz, CDCl 3) 6 -64.2 (s,
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E), -58.3 (s, Z). IR (neat, cm'1) 3144, 2948, 1731, 1582, 1476, 1400, 1182, 1115, 1014, 976.
Anal. Calcd. for C12H13F30 3: C, 54.96; H, 5.00. Found: C, 55.03; H, 5.03.
CC (E)-7,7,7-trifluorohept-5-en-1-y 5-chlorothiophene-2-carboxylate
CI~ C The title compound was prepared according to the General Procedure
using potassium (E)-(6-((5-chlorothiophene-2-carbonyl)oxy)hex-1-en-1-yl)trifluoroborate (192
mg, 0.55 mol, 1.1 equiv), 1 (158 mg, 0.50 mmol, 1 equiv), FeCl2 (6.3 mg, 0.05 mmol, 0.10
equiv) in 1.25 mL CH3CN. After work up, the compound was purified by flash chromatography
(7.5% EtOAc/hexanes) to afford (E)-7,7,7-trifluorohept-5-en-1-yl 5-chlorothiophene-2-
carboxylate (125 mg, 79%, 2:1 E/Z) as a clear, colorless oil. 'H NMR of the E/Z mixture (400
MHz, CDCl3) 6 7.55 (dd, J= 3.9, 1.8 Hz, 2H, mixture), 6.90 (dd, J= 3.9, 1.3 Hz, 2H, mixture),
6.35 (dddd, J= 15.7, 8.9, 4.6, 2.1 Hz, 1H, major), 5.96 (dt, J= 11.6, 7.9 Hz, 1H, minor), 5.69 -
5.53 (m, 1H, mixture), 4.27 (dt, J = 12.8, 6.5 Hz, 3H, mixture), 2.34 (dt, J = 9.5, 7.6 Hz, 2H,
minor), 2.27 - 2.13 (in, 2H, major), 1.79 - 1.68 (in, 3H, mixture), 1.62 - 1.47 (m, 3H, mixture).
"C NMR of the E isomer (100 MHz, CDCl3) 6 161.18, 139.9 (q, J= 6.5 Hz), 137.4, 133.0,
131.8, 127.3, 123.0 (q, J= 269.2 Hz), 119.0 (q, J= 33.3 Hz), 64.8, 30.9, 28.0, 24.4. '9F NMR
(282 MHz, CDCl3) 6 -64.2 (s, E), -58.2 (s, Z). IR (neat, cm-') 2942, 1716, 1533, 1425, 1281,
1252, 1119, 1090, 972. Anal. Calcd. for C12H12 CF 30 2 S: C, 46.09; H, 3.87. Found: C, 46.31; H,
3.93.
General Procedure for the Sn(OTf)2-catalyzed trifluoromethylation of vinyl-BF3K reagents
In an inert atmosphere glovebox, an oven dried reaction tube was charged with the potassium
vinyltrifluoroborate (1.1 equiv), Togni reagent 1 (1.0 equiv), and tin(II) triflate (0.10 equiv). The
233
tube was sealed with a PTFE-lined screw cap and removed from the glovebox. The vial was
then charged with acetonitrile (2.5 mL/mmol 1) and the reaction mixture was stirred at room
temperature for 24 h. 4-Fluorotoluene was added as an internal standard, and the yield of vinyl-
CF 3 products was measured via '9F NMR.
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Current Data Parameters
NAME ATP-4-132B
EXPNO 13
PROCNO 1
F2 - Acquisition Parameters
Date_ 20110806
Time 12.53
INSTRUM spect
PROBHD 5 mm QNP 1H/13
PULPROG zgpg30
TD 65536
SOLVENT CDC13
NS 64
DS 4
SWH 23980.814 Hz
FIDRES 0.365918 Hz
AQ 1.3664756 see
RG 1824.6
DW 20.850 usec
DE 6.00 usec
TE 683.2 K
Dl 2.00000000 sec
dll 0.03000000 sec
DELTA 1.89999998 sec
TDO 1
== CHANNEL fl =====
NUCl 13C
Pl 9.38 usec
PLI 0.00 dB
SF01 100.6228298 MHz
== CHANNEL f2 ======
CPDPRG2 waltz16
NUC2 1H
PCPD2 90.00 usec
PL2 0.00 dB
PL12 16.10 dB
PL13 19.00 dB
SF02 400.1316005 MHz
F2 - Processing parameters
SI 32768
SF 100.6127843 MHz
WDW EM
SSB 0
Char-ATP-4-246-1H
r- O C o o0 0D
CO LI) 0) kDo 0D (N
M- M- rj 04 'o w~
- N 0- M H M 0k o
C>. M '.0 "0 M '. CD
BF3K
Br
Current
NAME
EXPNO
PROCNO
Data Parameters
Char-ATP-4-246-1H
F2 - Acquisition Parameters
Date_ 20111020
Time 0.00
INSTRUM varian
PROBHD 08
PULPROG s2pul
TD 48052
SOLVENT Acetone
NS 16
DS 0
SWH 6002.401 Hz
FTDRES 0.124915 Hz
AQ
RG
DW
DE
TE
4.0027814
4
83.300
6.00
293.0
sec
usec
usec
K
F2 - Processing parameters
SI 65536
SF 300.1079287 MHz
WDW EM
SSB 0
LB
GB
PC
Lii
0.30 Hz
0
1.00
I
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Br (N
Br~c 
oo 
13
Current Data Parameters
NAME Char-ATP-4-426-13C
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20111025
Time 0.00
INSTRUM varian
PROBHD 08
PULPROG s2pul
TD 131010
SOLVENT DMSO
NS 3680
DS 1
SWH 37735.848 Hz
FIDRES 0.288038 Hz
AQ 1.7359325 sec
RG 4
DW 13.250 usec
DE 6.00 usec
TE 298.0 K
F2 - Processing parameters
SI 65536
SF 125.7835144 MHz
WDW EM
SSB 0
LB
GB
PC
0.30 Hz
0
1.00
SI I I I I I
100 80 60 40 20 0 ppm180
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160 140 120
ATP-4-247A2 acetone 400 MHz
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Current Data Parameters
NAME ATP-4-247A2
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20111031
Time 7.05
INSTRUM spect
PROBHD 5 mm BBO BB IH
PULPROG zg30
TD 65536
SOLVENT Acetone
NS 4
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9584243 sec
RG 101.6
DW 60.400 usec
DE 6.00 usec
TE 297.2 K
Dl 1.00000000 sec
TD0 1
======== CHANNEL fl ========
NUC1 IH
P1 15.07 usec
PLI 0.00 dB
SF01 400.1324710 MHz
F2 -
SI
SF
WDW
SSB
LB
GB
PC
Processing parameters
65536
400.1300212 MHz
EM
0
0.30 Hz
01.00
I1
10 9 8 7 6 5
rbr-Iw
4 3 2 1 ppm
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180 160 140
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Current Data Parameters
NAME ATP-4-247A2
EXPNO 13
PROCNO 1
F2 - Acquisition Parameters
Date 20111031
Time 7.06
INSTRUM spect
PROBHD 5 mm BBO BB-1H
PULPROG zgpg30
TD 65536
SOLVENT Acetone
NS 81
DS 2
SWH 23980.814 Hz
FIDRES 0.365918 Hz
AQ 1.3664756 sec
RG 8192
DW 20.850 usec
DE 6.00 usec
TE 297.2 K
Dl 2.00000000 sec
dl1 0.03000000 sec
DELTA 1.89999998 sec
TDD 1
-------- CHANNEL fl --------
NUC 13C
P1 8.75 usec
PL1 -3.00 dB
SF01 100.6228298 MHz
CHANNEL f2
CPDPRG2 waltz16
NUC2 1H
PCPD2 90.00 usec
PL2 -1.00 dB
PL12 14.52 dB
PL13 18.00 dB
SFD2 400.1316005 MHz
F2 - Processing parameters
SI 65536
SF 100.6127514 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
1
80
ATP-4-268A2 acetone 400 MHz
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Current Data Parameters
NAME ATP-4-268A2
EXPNO1
PROCNO 1
F2 - Acquisition Parameters
Date. 20111031
Time 7.14
INSTRUM spect
PROBHD 5 mm BBO BB 11
PULPROG zg3E
TD 65536
SOLVENT Acetone
NS 5
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9584243 sec
RG 90.5
DW 60.400 usec
DE 6.00 usec
TE 297.2 K
D1 1.00000000 sec
TD0 1
=- CHANNEL fl =======
NUCl 1H
P1 15.07 usec
PLI 0.00 dB
SFO1 400.1324710 MHz
F2 - Processing parameters
SI 65536
SF 400.1300212 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
............................... I
10 9 8 7 6 5 4
049~t'J AI
3 2 1 ppm
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Current Data Parameters
NAME ATP-4-268A2
EXPNO 13
PROCNO 1
F2 - Acquisition Parameters
Date- 20111031
Time 7.16
INSTRUM spect
PROBHD 5 mm BBO BB-IH
PULPROG zgpg30
TD 65536
SOLVENT Acetone
NS 209
DS 2
SWH 23980.814 Hz
FIDRES 0.365918 Hz
AQ 1.3664756 see
RG 8192
DW 20.850 usec
DE 6.00 usec
TE 297.2 K
DI 2.00000000 sec
dl 0.03000000 sec
DELTA 1.89999998 sec
TDO 1
CHANNEL fl ====
NUC1 13C
P1 8.75 usec
PL1 -3.00 dB
SFO1 100.6228298 MHz
CHANNEL f2
CPDPRG2 waltzl6
NUC2 1H
PCPD2 90.00 usec
PL2 -1.00 dB
PL12 14.52 dB
PL13 18.00 dB
SF02 400.1316005 MHz
F2 - Processing parameters
SI 65536
SF 100.6127514 MHz
WDW EM
80160 140 60 40 20 0 PPM
ATP-4-222A acetone 400 MHz
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Current Data Parameters
NAME ATP-4-222A
EXPNO1
PROCNO 1
2 - Acquisition Parameters
Date 20111003
Time 8.30
INSTRUM spect
9808D 5 mm BBO 88-18
PULPROG zg30
TD 65536
SOLVENT Acetone
NS 6
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9584243 sec
RG 128
DW 60.400 usec
DE 6.00 usec
TE 296.2 K
D1 1.00000000 sec
TDO 1
---- =-== CHANNEL fl =====
NUC1 18
Pl 15.07 usec
PL1 0.00 dB
SFO1 400.1324710 MHz
2- Processing parameters
Si 65536
SF 400.1300212 MHz
WDW EM
SOS 0
LB 0.30 Hz
GB 0
PC 1.00
10 9 8 7 6
*1 I I I
5 4 3 2
0 .119
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1 ppm
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0
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Current Data Parameters
NAME ATP-4-222A
EXPNO 13
PROCNO 1
F2 - Acquisition Parameters
Date 20111003
Time 8.32
INSTRUM spect
PROBHD 5 mem BBO BB-1H
PULPROG zgpg30
TD 65536
SOLVENT Acetone
NS 267
DS 2
SWH 23980.814 Hz
FIDRES 0.365918 Hz
AQ 1.3664756 sec
RG 8192
DW 20.850 usec
DE 6.00 usec
TE 296.2 K
D1 2.00000000 sec
dl 0.03000000 sec
DELTA 1.89999998 sec
TDO 1
NUC1
P1
PL1
SFO1
CPDPRG2
NUC2
PCPD2
PL2
PL12
PL13
SF02
CHANNEL fl ==
13C
8.75 usec
-3.00 dB
100.6228298 MHz
CHANNEL f2
waltz16
1H
90.00 usec
-1.00 dB
14.52 dB
18.00 dB
400.1316005 MHz
F2 - Processing parameters
SI 65536
SF 100.6126107 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
180 160 140 120 100 80 60 40
I I
20 0 ppm
I
r-o w M M
I
ATP-4-221A acetone 400 MHz
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Current Data Parameters
NAME ATP-4-221A
EXPNO 1
PROCNO 1
2 tAcquisition Parameters
Date-. 20111003
Time 7.55
INSTRUM spect
PROBHD 5 mm BBO BB-1H1
PULPROG zg30
TD 65536
SOLVENT Acetone
NS 4
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9584243 sec
RG 128
DW 60.400 usec
DE 6.00 usec
TE 296.2 K
Dl 1.00000000 sec
TDO 1
NUC 1
P1
PLI
SF01
CHANNEL fl ======
1H
15.07 usec
0.00 dB
400.1324710 MHz
F2 - Processing parameters
Si 65536
SF 400.1300212 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
5 4 3 2 1
0
S ,BF3 K
O
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ppm
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Current Data Parameters
NAME ATP-4-221A
EXPNO 13
PROCNO 1
F2 - Acquisition Parameters
Date 20111003
Time 7.58
INSTRUM spect
PROBHD 5 mm BBO BB-lH
PULPROG zgpg30
TD 65536
SOLVENT Acetone
NS 182
DS 2
SWH 23980.814 Hz
FIDRES 0.365918 Hz
AQ 1.3664756 eec
RG 8192
DW 20.850 usec
DE 6.00 usec
TE 296.2 K
D1 2.00000000 sec
d1l 0.03000000 sec
DELTA 1.89999998 sec
TDO 1
CHANNEL fl
NUCl 13C
Pl 8.75 usec
PL1 -3.00 dB
SFO1 100.6228298 MHz
CPDPRG2
NUC2
PCPD2
PL2
PL12
PL13
SF02
F2 -
SI
SF
WDW
SSB
LB
GB
PC
CHANNEL f2 ======
waltz16
1H
90.00 usec
-1.00 dB
14.52 dB
18.00 dB
400.1316005 MHz
Processing parameters
65536
100.6126118 MHz
EM
0
1.00 Hz
0
1.40
I I I I I I I I I I I I
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Current Data Parameters
NAME ATP-4-213A2
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20111022Time 9.16
INSTRUM spent
PROBHD 5 mm BBO BB INPULPROG zg30
TD 65536
SOLVENT Acetone
NS 6
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9584243 sec
RG 40.3
DW 60.400 usec
DE 6.00 usec
TE 297.2 K
D1 1.00000000 sec
TDO 1
-------- CHANNEL fl --------
NUC1 1H
P1 15.07 usec
PL1 0.00 dB
SFO1 400.1324710 MHz
F2 - Processing parameters
SI 65536
SF 400.1300212 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB S
PC 1.00
10 9 8 7 6 5 4 3 2 1 ppm
r Cn) ) C Cq
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Current Data Parameters
NAME ATP-4-213A2
EXPNO 13
PROCNO 1
F2 - Acquisition Parameters
Date_ 20111022
Time 9.18
INSTRUM spect
PROBHD 5 mm BBO BB-H
PULPROG zgpq30
TD 65536
SOLVENT Acetone
NO 168
DS 2
SWH 23980.814 Hz
FIDRES 0.365918 Hz
AQ 1.3664756 sec
RG 8192
DW 20.850 usec
DE 6.00 usec
TE 297.2 K
Dl 2.00000000 sec
dll 0.03000000 see
DELTA 1.89999998 sec
TDO 1
CHANNEL fl ====
NUC1 13C
P1 8.75 usec
PL1 -3.00 dB
SFO1 100.6228298 MHz
CHANNEL f2 ====
CPDPRG2 waltz16
NUC2 1H
PCPD2 90.00 usec
PL2 -1.00 dB
PL12 14.52 dB
PL13 18.00 dB
SF02 400.1316005 MHz
F2 - Processing parameters
SI 65536
SF 100.6127514 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
-IIU.
180 160 140 120 100
0 0 4I ' I
80 60 40 20 0 ppm
Char-TDS-5-49-1H
u- c) r- w~ 6~ aW r- L m N r- c) w .
H n 0 O LO W D oo o wID o C n n H
r: r r- .
1Q '.D t. U 1 U) 11 1(7 IC, IC U) If
Me J BF3K
t'Q
C-,'
~3.
N
N
Current Data Parameters
NAME Char-TDS-5-49-IH
EXPNO O
PROCNO 1
F2 - Acquisition Parameters
Date_ 20111019
Time 0.00
INSTRUM varian
PROBHD 08
PULPROG s2pul
TD 48052
SOLVENT Acetone
NS 16
DS 0
SWH 6002.401 Hz
FIDRES 0.124915 Hz
AQ 4.0027814 sec
RG 4
DW 83.300 usec
DE 6.00 usec
TE 293.0 K
F2 -
Si
SF
WDW
SSB
LB
GB
PC
Processing parameters
65536
300.1079287 MHz
EM
0
0.30 Hz
0
1.00
7 6 5 4 3 2 1
1v1 [ri v- I M)
10 9 8 ppm
Current Data Parameters
NAME Char-TDS-5-49-13C
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20111019
Time 0.00
INSTRUM varian
PROBHD 08
PULPROG s2pul
TD 67874
SOLVENT Acetone
NS 256
DS 0
SWH 22624.434 Hz
FIDRES 0.333330 Hz
AQ 1.5000654 sec
RG 4
DW 22.100 usec
DE 6.00 usec
TE 293.0 K
F2
SI
SF
WDW
SSB
LB
GB
PC
Processing parameters
131072
75.4641796 MHz
EM
0
0.30 Hz
0
1.00
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Current Data Parameters
NAME Char-TDS-5-58-1H
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_. 20111025
Time 0.*00
INSTRM varian
PROBHD 08
PULPROG s2pul
TD 48052
SOLVENT CDC13
NS 16
DS 0
SWH 6002.401 Hz
FIDRES 0.124915 Hz
AQ 4.0027814 sec
RG 4
DW 83.300 use
DE 6.00 use
TE 293.0 K
F2 -
SI
SF
WDW
SSB
LB
GB
PC
Processing parameters
65536
300.1063712 MHz
EM
0
0.30 Hz
0
1.00
10 9 8
i 7 I I 3
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rrent Data Parameters
ME Char-TDS-5-58-13C
?NO 1
OCNO 1
- Acquisition Parameters
te_ 20111025
me 0.00
STRUM varian
OBHD 08
LPROG s2pul
67874
LVENT CDCl3
512
0
H 22624.434 Hz
DRES 0.333330 Hz
1.5000654 sec
4
22.100 usec
6.00 usec
293.0 K
- Processing parameters
131072
75.4638669 MHz
W EM
B 0
0.30 Hz
0
1.00
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Current Data Parameters
AME Char-TDS-5-61-1H
EXPNO
PROCNO
F2 - Acquisition Parameters
Date_ 20111027
Time 0.:00
INSTRUM varian
PROBHD 08
PULPROG s2pul
TD 48052
SOLVENT Acetone
NS 16
DS 0
SWH
FIDRES
Ao
RG
DW
DE
TE
F2 -
SI
SF
WDW
SSB
IN) LB
GB
PC
6002.401 Hz
0.124915 Hz
4.0027814 sec
4
83.300 usec
6.00 usec
293.0 K
Processing parameters
65536
300.1079294 MHz
EM
0
0.30 Hz
0
1.00
10 9 8
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7 6 5 4 3 2 1 PPM
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NAME
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PROCNO
\ l M
Data Parameters
Char-TDS-5-61-13C
F2 - Acquisition Parameters
Date_ 20111028
Time 0.00
INSTRUM varian
PROBHD 08
PULPROG s2pul
TD 67874
SOLVENT Acetone
NS 512
DS 0
SWH 22624.434 Hz
FIDRES 0.333330 Hz
AQ 1.5000654 sec
RG 4
DW 22.100 usec
DE 6.00 usec
TE 293.0 K
F2 -
SI
SF
WDW
SSB
LB
GB
PC
I I I I I I I I I
180 160 140 120 100 80 60 
40 20 0 ppm
Processing parameters
131072
75.4641866 MHz
EM
0
0.30 Hz
0
1.00
6k
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Current Data Parameters
NAME ATP-4-257A2
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20111015
Time 8.31
INSTRUM spect
PROBHD 5 mm BBO BB-1H
PULPROG zg30
TD 65536
SOLVENT CDC13
NS 5
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9584243 sec
RG 101.6
DW 60.400 usec
DE 6.00 usec
TE 296.2 K
D1 1.00000000 sec
TD0 1
== CHANNEL fl =======
NUCl IH
P1 15.07 usec
PLI 0.00 dB
SFO1 400.1324710 MHz
F2 -
SI
SF
WDW
SSB
LB
GB
PC
Processing parameters
65536
400.1300212 MHz
EM
0
0.30 Hz
0
1.00
ppm10 9 8 7 6 5 4 3 2 1
rIow ;00 )sC (C )
Me~cro CF3
o e U M N ' H W N LO W L7 H CO N'N U13 LV w gO T ,q g dW N M3 Ln N
- ' 7 + ' ' * . * ' ' . '
c; r- r 0 O r- LO N O 07 v -w -w
CF3
Me
II I
Current Data Parameters
NAME ATP-4-257A2
EXPNO 13
PROCNO 1
F2 - Acquisition Parameters
Date_ 20111015
Time 8.36
INSTRUM spect
PROBHD 5 mm BBO BB-1H
PULPROG zgpg30
TD 65536
SOLVENT CDC13
NS 261
DS 2
SWH 23980.814 Hz
FIDRES 0.365918 Hz
AQ 1.3664756 sec
RG 8192
DW 20.850 usec
DE 6.00 usec
TE 297.2 K
Dl 2.00000000 sec
d11 0.03000000 sec
DELTA 1.89999998 sec
TDO 1
-------- CHANNEL fl -------
NUC1 13C
P1 B.75 usec
PL1 -3.00 dB
SF01 100.622B298 MHz
CHANNEL f2 = -=====
CPDPRG2 waltz16
NUC2 16
PCPD2 90.00 usec
PL2 -1.00 dB
PL12 14.52 dB
PL13 18.00 dB
SF02 400.1316005 MHz
F2 - Processing parameters
SI 65536
SF 100.6127717 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
I I I I ~ 1 I IIII
180 160 140 120 100 80 60 40 20 0 PPM
-
Char-TDS-5-60-1H
M N MN H a N LW I'D LM o m N CD OM O r- Ln
o w r- D Lq ' M N N d rl CD r. L L nN O w r- n v N C
M7 ~ M1 M) Ml M) M H H H H DC CD D N (N H H H H H dH
r r: r - r r r r r:~ -r-C- -c -.
Current Data Parameters
NAME Char-TDS-5-60-1H
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20111027
Time 0.00
INSTRUM varian
PROBHD 08
PULPROG s2pul
TD 48052
SOLVENT CDC13
NS 16
DS 0
SWH
FIDRES
AQ
RG
DW
DE
TE
6002.401 Hz
0.124915 Hz
4.0027814 sec
4
83.300 usec
6.00 usec
293.0 K
F2 - Processing parameters
SI 65536
SF 300.1063771 MHz
WDW EM
SSB
LB
GB
PC
0
0.30 Hz
0
1.00
10 9 8 7 6 5 4 3 2 1
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F2 - Acquisition Parameters
Date_ 20111027
Time 0.00
INSTRUM varian
PROBHD 08
PULPROG s2pul
TD 67874
SOLVENT CDCl3
NS 256
DS 0
SWH 22624.434 Hz
FIDRES 0.333330 Hz
AQ 1.5000654 sec
RG 4
DW 22.100 usec
DE 6.00 usec
TE 293.0 K
- Processing parameters
131072
75.4638541 MHz
EM
0
0.30 Hz
0
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F2
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WDW
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Current Data Parameters
NAME Char-TDS-5-47-1H
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date 20111019
Time 0.00
INSTRUM varian
PROBHD 08
PULPROG s2pul
TD 48052
SOLVENT CDC13
NS 16
DS 0
SWH 6002.401 Hz
FIDRES 0.124915 Hz
AQ 4.0027814 sec
RG 4
DW 83.300 usec
DE 6.00 usec
TE 293.0 K
F2 -
SI
SF
WDW
SSB
LB
GB
PC
Processing parameters
65536
300.1063767 MHz
EM
0
0.30 Hz
0
1.00
ppm
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Current
NAME
EXPNO
PROCNO
Data Parameters
Char-TDS-5-47-13C
I
F2 - Acquisition Parameters
Date_ 20111019
Time 0.00
INSTRUM varian
PROBHD 08
PULPROG s2pul
TD 67874
SOLVENT
NS
DS
SWH
FIDRES
AQ
RG
DW
DE
TE
F2
SI
SF
WDW
SSB
LB
GB
PC
ill I
CDCl3
496
0
22624.434
0.333330
1.5000654
4
22.100
6.00
293.0
Hz
Hz
sec
usec
usec
K
- Processing parameters
131072
75.4638552 MHz
EM
0
0.30 Hz
0
00
180 160 140 120 100 80 60 40 20 0 ppm
1.00
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Current Data Parameters
NAME Char-TDS-5-48-IH
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20111019
Time 0.00
INSTRUM varian
PROBHD 08
PULPROG s2pul
TD 48052
SOLVENT CDC13
NS 16
DS 0
SWH 6002.401 Hz
FIDRES 0.124915 Hz
AQ 4.0027814 sec
RG 4
DW 83.300 usec
DE 6.00 usec
TE 293.0 K
F2 - Processing parameters
SI 65536
SF 300.1063712 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
7 6 5 4 3 2 1
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Current Data Parameters
NAME Char-TDS-5-48-13C
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20111019
Time 0.00
INSTRUM varian
PROBHD 08
PULPROG s2pul
TD 67874
SOLVENT CDC13
NS 496
DS 0
SWH 22624.434 Hz
FIDRES 0.333330 Hz
AQ
RG
DW
DE
TE
1.5000654
4
22.100
6.00
293.0
sec
usec
usec
K
F2 - Processing parameters
SI 131072
SF 75.4638553 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
II
180 160 140 120 100
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80 60 40 20 0 ppm
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Current Data Parameters
NAME ATP-4-272A2
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20111022Time 13.53
INSTRUM spect
PROBHD 5 mm BB0 B-la
PULPROG zg3O
TD 65536
SOLVENT CDC13NS 4
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9584243 sec
RG 71.8
DW 60.400 usec
DE 6.00 usec
TE 297.2 K
Dl 1.00000000 sec
TDO 1
======== CHANNEL fl ========
NUCI 1H
Pl 15.07 usec
PL1 0.00 dB
SF01 400.1324710 MHz
F2 - Processing parameters
SI 65536
SF 400.1300212 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
6 5 4 3 2 1 ppm
I . ....1 1 -.1 .I.,
o . .o . . . . .7 .- t . . N . .
M M7 M M N N N H H H i H 0 0Hr3  H H a a a H
.CF3
IIIl
OD
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Current Data Parameters
NAME ATP-4-272A2
EXPNO 13
PROCNO 1
F2 Acquisition Parameters
Date- 20111022
Time 13.55
INSTRUM spect
PROBHD 5 mm BBO BB-1H
PULPROG zgpg30
TD 65536
SOLVENT CDCl3
NS 384
DS 2
SWH 23980.814 Hz
FIDRES 0.365918 Hz
AQ 1.3664756 sec
RG 8192
DW 20.850 usec
DE 6.00 usec
TE 297.2 K
D1 2.00000000 sec
d1l 0.03000000 sec
DELTA 1.89999998 sec
TDO 1
- CHANNEL fl ======
NUCl 13C
Pl 8.75 usec
PL1 -3.00 dB
SFOl 100.6228298 MHz
CHANNEL f2 ====
CPDPRG2 waltz16
NUC2 1H
PCPD2 90.00 usec
PL2 -1.00 dB
PL12 14.52 dB
PL13 18.00 dB
SF02 400.1316005 MHz
F2 - Processing parameters
S0 65536
SF 100.6127720 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
ATP-4-271A2 401 MHz
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Current Data Parameters
NAME ATP-4-271A2
EXPNO1
PROCNO 1
P2 - Acquisition Parameters
Date 20111021
Time 14.41
INSTRUM spect
PROBHD 5 mm QNP IH/13
PULPROG zg30
TD 65536
SOLVENT CDC13
NS 5
DS 0
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9584243 sec
RG 101.6
DW 60.400 usec
DE 6.00 usec
TE 683.2 K
Dl 1.00000000 sec
TDO 1
NUC 1
P1
PL1
SF01
F2 -
SI
SF
WDW
SSB
LB
GB
PC
CHANNEL fl =======
1H
14.00 usec
0 .00 dO
400.1324710 MHz
Processing parameters
65536
400.1300090 MHz
EM
0
0.30 Hz
0
1.00
Ic"5
10 9 8 7 6 5 4 3 2 1 ppm
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Current Data Parameters
NAME ATP-4-271A2
EXPNO 13
PROCNO 1
F2 - Acquisition Parameters
Date_ 20111021
Time 14.45
INSTRUM spect
PROBHD 5 mm QNP 11/13
PULPROG zqpq30
TD 65536
SOLVENT CDCl3
NS 64
DS 4
SWH 23980.814 Hz
FIDRES 0.365918 Hz
AQ 1.3664756 sec
RG 1824.6
DW 20.850 usec
DE 6.00 usec
TE 6B3.2 K
D1 2.00000000 sec
dl1 0.03000000 sec
DELTA 1.89999998 sec
TDO 1
CHANNEL fl ======
NUC1 13C
Pl 9.3B usec
PL1 0.00 dB
SFO1 100.6228298 MHz
CHANNEL f2 --
CPDPRG2 waltz16
NUC2 1H
PCPD2 90.00 usec
PL2 0.00 dB
PL12 16.10 dB
PL13 19.00 dB
SF02 400.1316005 MHz
F2 - Processing parameters
SI 32768
SF 100.6127792 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
80 60 40 20 0 ppm
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Current Data Parameters
NAME ATP-4-261A2
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date- 20111017
Time 5.45
INSTRUM spect
PHOBHD 5 mm BBO BB-IH
PULPROG zg3S
TD 65536
SOLVENT CDC13
NS 7
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9584243 sec
RG 90.5
DW 60.400 usec
DE 6.00 usec
TE 297.2 K
Dl 1.00000000 sec
TD0 1
-======= CHANNEL fl ========
NUC1 1H
P1 15.07 usec
PL1 0.00 dB
SFO1 400.1324710 MHz
F2 - Processing parameters
SI 65536
SF 400.1300212 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
II I IL I 1~
i I 7 I 5.2 1
10 9 7 6 5 4 3 2 1pm
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Current Data Parameters
NAME ATP-4-261A2
EXPNO 13
PROCNO 1
F2 - Acquisition Parameters
Date_ 20111022
Time 8.20
INSTRUM spect
PROBHD 5 mm B0 BB-1H
PULPROG zgpg30
TD 65536
SOLVENT CDCi3
NS 413
DS 2
SWH 23980.814 Hz
FIDRES 0.365918 Hz
AQ 1.3664756 sec
RG 8192
DW 20.850 usec
DE 6.00 usec
TE 297.2 K
Dl 2.00000000 sec
dll 0.03000000 sec
DELTA 1.89999998 sec
TDO 1
CHANNEL fl ====--==
NUCl 13C
P1 8.75 usec
PL1 -3.00 dB
SFO1 100.6228298 MHz
-------- CHANNEL f2 -------
CPDPRG2 waltzl6
NUC2 1H
PCPD2 90.00 usec
PL2 -1.00 dB
PL12 14.52 dB
PL13 18.00 dB
SF02 400.1316005 MHz
F2 - Processing parameters
SI 65536
SF 100.6127732 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
180 160 140 120 100 80 60 40 20 0 ppm
ATP-4-255A2 400 MHz
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Current Data Parameters
NAME ATP-4-255A2
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date-. 20111014
Time 9.14
INSTRUM spent
PROBND 5 mm B2 01 04
PtJLPROG zg30
TD 65536
SOLVENT CDCl3
NS 10
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9584243 sec
RG 64
DW 60.400 usec
DE 6.00 usec
TE 297.2 K
D1 1.00000000 sec
TDE 1
CHANNEL fl ====-==
NUC1 1H
P1 15.07 ueec
PL1 0.00 dB
SFO1 400.1324710 MHz
F2 - Processing parameters
SI 65536
SF 400.1300212 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
ppm
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Current Data Parameters
NAME ATP-4-242A2
EXPNO 13
PROCNO 1
F2 - Acquisition Parameters
Date-. 20111008
Time 8.05
INSTRJM s pent
PROBHD 5 mn BBO B-1H
PULPROG zgpg30
TD 65536
SOLVENT CDC13
NS 733
DS 2
SWH 23980.814 Hz
FIDRES 0.36591B Hz
AQ 1.3664756 sec
RG 8192
DW 20.850 usec
DE 6.00 usec
TE 296.2 K
D1 2.00000000 sec
d1l 0.03000000 sec
DELTA 1.89999998 sec
TDO 1
CHANNEL fl ======
NUC1 13C
P1 8.75 usec
PL1 -3.00 dB
SF01 100.6228298 MHz
-- == CHANNEL f2-
CPDPRG2 waltz16
NUC2 1H
PCPD2 90.00 usec
PL2 -1.00 dB
PL12 14.52 dB
PL13 18.00 dB
SF02 400.1316005 MHz
F2 - Processing parameters
SI 65536
SF 100.6127757 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
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Current Data Parameters
NAME ATP-4-270A2
EXPNO 13
PROCNO 1
F2 - Acquisition Parameters
Date_ 20111022
Time 8.49
INSTRUM spect
PROBHD 5 mm BBO BB-1H
PULPROG zgpg30
TD 65536
SOLVENT CDC13
NS 418
DS 2
SWH 23980.814 Hz
FIDRES 0.365918 Hz
AQ 1.3664756 sec
RG 8192
DW 20.850 usec
DE 6.00 usec
TE 297.2 K
Dl 2.00000000 sec
dil 0.03000000 sec
DELTA 1.89999998 sec
TDO 1
CHANNEL fl
NUC 13C
Pi 8.75 usec
P1 -3.00 dB
SF01 100.6228298 MHz
- CHANNEL f2 -------
CPDPRG2 waltz16
NUC2 1H
PCPD2 90.00 usec
PL2 -1.00 dB
PL12 14.52 dB
PL13 18.00 dB
SF02 400.1316005 MHz
F2 - Processing parameters
SI 65536
SF 100.6127514 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
ATP-4-243A2 401 MHz
0 N M - k N O -' 1.0 H M :' w ON r- CN C LO H d r-i N CN 00 0N 'w CD 0 ON 0 W LO M ( r- H C k.0 ON LO 00 O) r- C: ) M Cn D ko. r0 M -I N
k0 r k.0 Ln CD O C C) O00 r r- tD %.0 L OM 00 r- .o qT LA w ()Y M () O N ON H H CD C O N C o r- Lo LA N C O0 C3 M r- Ln Cr 0 r- tD 'T
LO H H r4 LO n -rT - -T (Y) C') C) r CY) C') (Y) () M M ON 0\ a0 ko 0 .0 w . \. ' ' 0 L% C' %0 N M M M N N H 0 r- r- r- r- I'0 L LA Ln L
r~- r- r- r- '.0 w.Q '.0 %.0 '.0 w.0 I'D '.0 ' o 1.0 '.0 i.0 L L LO L L L L L LO LA L LA LA LA LA LA v -V ON N N N r-O H i rH -i r H H H H
0
ek 0 CF3
\ I
Current Data Parameters
NAME ATP-4-243A2
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
5ate 20111014
Time 7.13
INSTRUM spact
PROBHD 5 nan QNP IN/13
PULPROG zg3O
TD 65536
SOLVENT CDCl3
NS 8
DS 0
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9584243 sec
RG 143.7
DW 60.400 usec
DE 6.00 usec
TE 683.2 K
D1 1.00000000 sec
TDO 1
NUC1i
P1
PL
SFO1
CHANNEL fl ======
1H
14.00 usec
0.00 dB
400.1324710 MHz
F2 - Processing parameters
ST 65536
SF 400.1300090 MHz
WOW EM
SSB 0
LB
GB
PC
0.30 Hz
0
1.00
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Current Data Parameters
NAME ATP-4-243A2
EXPNO 13
PROCNO 1
F2 Acquisition Parameters
Date-. 20111014
Time 7.15
INSTRU4 pet
PROBHD 5 nn QNP 1H/13
PULPROG zgpg30
TD 65536
SOLVENT CDC13
NS 711
DS 4
SWH 23980.814 Hz
FIDRES 0.365918 Hz
AQ 1.3664756 sec
RG 1824.6
DW 20.850 usec
DE 6.00 usec
TE 683.2 K
D1 2.00000000 sec
dl 0.03000000 sec
DELTA 1.89999998 sec
TDO 1
= CHANNEL fl =
NUCl 13C
Pl 9.38 usec
PL1 0.00 dB
SFO1 100.6228298 MHz
= CHANNEL f2 =-=====
CPDPRG2 waltz16
NUC2 1H
PCPD2 90.00 usec
PL2 0.00 dB
PL12 16.10 dB
PL13 19.00 dB
SF02 400.1316005 MHz
F2 -
SI
SF
WDW
SSB
LB
GB
PC
Processing parameters
32768
100.6127733 MHz
EM0
1.00 Hz
01.40
I .
80 60 40 20 0 ppm
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Current Data Parameters
NAME ATP-4-240A2
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date- 20111007
Time 7.36
INSTRUM spect
PHOBHD 5 mm NB BB-H
PULPROG zq30
TD 65536
SOLVENT CDCl3
NS 5
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9584243 sec
RG 90.5
DW 60.400 usec
DE 6.00 usec
TE 297.2 K
D1 1.00000000 sec
TD 1
-====== CHANNEL fl =-===
NUCI 1H
Pl 15.07 usec
PL1 0.00 dB
SFO1 400.1324710 MHz
F2 - Processing parameters
SI 65536
SF 400.1300212 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
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Chapter 4 - Palladium-Catalyzed Cyanation of
(Hetero)aryl Halides
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4.1 Introduction
Aromatic nitriles have application in a variety of fields as both synthetic intermediates
and final targets.' For example, the antineoplastic Letrozole, antidepressant Citalopram, and anti-
HIV drug Etravirine all possess an aryl nitrile moiety. Traditionally, benzonitriles are
synthesized via diazotization of anilines followed by a Sandmeyer reaction with
superstoichiometric amounts of copper (I) cyanide.2 3 Another common route to benzonitriles is
the Rosenmund-von Braun reaction, which typically entails heating superstoichiometric amounts
of copper (I) cyanide with an aryl iodide at elevated temperature.4 6 Recent advances have
allowed for the use of catalytic quantities of copper, however these protocols still have
limitations.'',
The palladium-catalyzed coupling of cyanide with aryl (pseudo)halides proceeds under
milder conditions and displays increased functional group tolerance. The first Pd-catalyzed
cyanation method was reported by Takagi forty years ago.9 Despite great advances,' 0 cross-
coupling procedures to form ArCN have obtained a reputation as being highly irreproducible."
Mechanistic studies by Grushin have shown this is due, in part, to catalyst deactivation by
cyanide, which is able to poison all of the intermediates in the catalytic cycle.12,1 3 Common
methods to avoid catalyst poisoning include the addition of reducing agents14 or exploiting the
low solubility of NaCN, KCN, and Zn(CN)2 in organic solvents. Grushin's NaCN method,"
while of high industrial relevance, requires the use of rigorously anhydrous conditions (glovebox
setup), which renders this chemistry inconvenient or inaccessible to many synthetic chemists.
Further, MCN salts (M = Na or K) are often milled prior to their use in order to guarantee
solubility and reproducibility in their application. Milling is problematic considering the high
toxicity in conjunction with the possibility of aerosolizing fine cyanide salts. Zinc cyanide finds
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the widest use in Pd-catalyzed cyanations of functionalized substrates.' 5 At approximately 10%
the toxicity of its sodium or potassium congeners, Zn(CN)2 is less hazardous, but still poses a
significant risk.
To address safety concerns, several Pd-catalyzed methods using alternative cyanide
sources have been described.16-19 Beller 20-23 and Weissman24 discovered that K4[Fe(CN)6 ], a non-
toxic food additive, could serve as a cyanide source for Pd-catalyzed coupling reactions.
Aqueous systems using K4[Fe(CN) 6]e3H 20 with a phase transfer catalyst have been reported, but
these still require temperatures greater than 140 oC.25,26 Significant advances were reported by
Huang27 and Kwong28 -3 0 who employed a 1:1 organic:aqueous solvent mixture to enable cyanide
transfer from K4[Fe(CN) 6]e3H 20 under milder conditions. Still, scope is narrow, with examples
of five-membered heterocycles being rare. Thus, while progress has been made towards a
practical benzonitrile synthesis using non-toxic cyanide sources, a general, efficient method for
the cyanation of (hetero)aryl halides is still needed. Herein, we disclose a Pd-catalyzed cyanation
system that: 1) is applicable to aryl chlorides at low to modest catalyst loadings; 2) works well
with a wide range of heterocyclic halides, including in many instances five-membered
heterocycles bearing free N-H groups; and 3) is complete in one hour at < 100 *C.
4.2 Results and Discussion
Ligands Precatalysts
OMe PPha L8
P(o-tol) 3 L9
PR2 MeO PR 2  PCy3 L10 d-L
Me2N R R P(t-Bu) 3 L11 OMs
i -PPh2 P1 L=L1
-Pr i-Pr Fe P2 L = L2
LI R = Cy (XPhos) 13 R = t-Bu (t-BuBrettPhos) L5 (DavePhos) L6 R = OMe (SPhos) I-PPh 2 P3 L = L3
L2 R = t-Bu (t-BuXPhos)L4 R = Cy (BrettPhos) L7 R = Oi-Pr (RuPhos) L12 P# L = L
dppf
Figure 1: Ligands and precatalysts used in this study
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Precatalyst (0.2 mol %)
C1 Ligand (0.2 mol %) CN
+K4Fe(CN) 6].3H2O 3rctls 02ml%
EtO 2C (0.5 equiv.) KOAC (0.125 equiv.) EtO 2CDioxane:H 2 (1:1) 1
100 *C, 1 h
100%
80%
60%
40%
20%
0%n
Li L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12
Figure 2: Ligand screen
Our initial experiments focused on identifying conditions to prepare benzonitrile 1 from
the corresponding aryl chloride. Using our third generation palladacycle precatalysts (P1-
P12),31,32 a preliminary survey of ligands revealed that use of a catalyst based on XPhos (Li)
provided superior yields of benzonitrile 1, outperforming tBuXPhos (L2) and tBuBrettPhos (L3),
as well as other phosphines commonly used for aryl cyanation reactions such as tri-tert-
butylphosphine (L10) and 1,1'-bis(diphenylphosphino)ferrocene (L11) (Figure 2). Next, we
examined the effect of base, temperature, and reaction time on overall yield, utilizing 0.2 mol %
P1 and Li in a 1:1 mixture of dioxane and water (Figure 3). Although carbonate bases are most
often used to promote cyanide dissociation from K4[Fe(CN)6]e3H20, we observed significant
substrate and/or product decomposition in experiments employing K2CO3. However, we
obtained excellent results using a weaker base, KOAc, and by conducting the reactions at 100 *C
for lh.
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P1 (0.2 mol %)
CI LI (0.2 mol %) N
+ K4Fe(CN) 6]-3H20Et02C (0.5 equiv.) Base (0.125 equiv.) EtO 2CDioxane:H 20 (1:1) 1
100% A
80%
60%
40%
20%
0%
70 0C 70 0C 100 0c 100 0c 100 0C 100 0C
K2C0 3  KOAc K2C0 3  KOAc K2C0 3  KOAc
17h 17h 17h 17h 1h 11h
Figure 3: Optimization of base, temperature, and reaction time
As shown in Figure 4, palladacycle precatalyst P1 proved to be the most effective
palladium precursor when compared to commonly used Pd complexes. For example, reactions
performed with Pd(OAc) 2 or [(allyl)PdCl] 2 provided little or no product. These Pd sources
require reduction and ligand complexation to form the active catalyst, and poisoning by cyanide
likely occurs when activation is performed under the reaction conditions. To circumvent this
[Pd] = 0.2 mol %
+ K4Fe(CN) 6]-3H20 (Pd/Li = 1:2) 300- 1I N
EtO 2C (0.5 equiv.) KOAc (0.125 equiv.) EtO2CDioxane:H20 (1:1)100 0C, 1 h
M ArCN
[(aIIyI)PdCI] 2
Pd(OAc) 2
Pd2dbaa
Pd 2dba3(preincubated)
P1
0% 20% 40% 60% 80% 100%
Figure 4: Comparison of palladium sources
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issue, Kwong precomplexed ligand and Pd(OAc) 2 in freshly distilled dichloromethane and
organic base (Et3N) with the aid of a heat gun. 2 8 -3 0 Another palladium source, Pd 2dba3, has been
shown to engender higher catalytic activity in C-N coupling processes when preincubated with
phosphine ligand at 120 oC. 3 3 ,3 4 However, implementing this protocol delivered only a moderate
improvement in yield over that obtained from the direct use of Pd2dba 3 without preincubation.
Dibenzylideneacetone (dba) is known to compete with phosphine ligation, 35 and the quality of
commercially available Pd2dba3 is highly variable.3 6 In contrast, use of P1 afforded 1 in excellent
yield (97%) and was operationally simple as the active catalyst is generated efficiently in situ
upon exposure to base. Other precatalysts have been applied to Pd-catalyzed cyanations,
37 4 2 but
this system represents the only example capable of converting aryl chlorides to benzonitriles at
low catalyst loading with a non-toxic cyanide source.
We next explored the substrate scope of our protocol (Table 1). Electron-rich (Entry 1),
electron-poor (Entries 3, 4), and di-ortho-substituted (Entry 2) aryl chlorides can efficiently be
converted to benzonitriles using a catalyst based on Li. Interestingly, more electron-deficient
aryl chlorides (Entry 5) required the use of the di-tert-butylphosphino analog L2. Recently,
Hartwig showed that reductive elimination to form ArCN is slower for electron-deficient aryl
groups.43 That a catalyst based on the larger ligand L2 allows for more facile reductive
elimination for electron-deficient substrates is in accord with this view. This method exhibits
high tolerance for substrates bearing free N-H or O-H groups, such as primary amides (Entry 7),
sulfonamides (Entry 8), anilines (Entry 9), and benzylic alcohols (Entry 10), all of which could
be converted to the corresponding benzonitrile using less than 1 mol % Pd. In general, aryl
chlorides with coordinating functional groups afforded higher yields when L2 was employed.
Coupling an aryl chloride containing a phenol (Entry 11) proved more challenging, yet could be
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Table 1: Cyanation of Aryl Chlorides
K4[Fe(CN) 6]-3H20
(0.5 equiv.)
Precatalyst (x mol %)
Ligand (x mol %)
KOAc (0.125 equiv.)
Dioxane:H 20 (1:1)
100 *C, 1h
Entry Product Precatalyst/Ligand mol % Pd Yielda
1 CN P1/Li 0.4 95%
MeO.C
Me
CN
Me
JyCN
Me"
0
NC'o
0
H 2 N YCI
0
(' CN
H2N ",
7CN
NH2
OCN
HO /
P1/Li
P1/L1
P1/Li
P2/L2
P2/L2
P2/L2
P2/L2
P2/L2
P2/L2
0.6
0.2
90%
97%
0.3 97% (96%)
0.8
1.8
0.8
0.7
0.8
0.5
94%
84%
90%
92%
91%
92%
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2
3
4
5
6c
7
8
9
10
R!* C NCI
R-.4.' +
Entry Product Precatalyst/Ligand mol % Pd Yielda
11 r CN P2/L2 3 85%
HOAC
alsolated yield, average of 2 independent runs. b1 0 mmol scale '7 0 *C, 12 h
accomplished in 85% yield using of 3 mol % P2. In contrast, cyanation of the less acidic
benzylic alcohol (Entry 10) proceeded using only 0.5 mol % P2. Additionally, reactive
substituents such as aldehydes (Entry 6) are tolerated as well. Treatment of aldehydes with
cyanide and base typically results in benzoin condensation, which occurred under standard
conditions at 100 *C. At 70 *C, no benzoin condensation was observed and the benzonitrile
product could be isolated in high yield, albeit using slightly higher catalyst loadings.
Five-membered heterocycles are extremely important in the fields of pharmaceutical,
agrochemical, and materials science, however general procedures for their cyanation by cross-
coupling are lacking. We have found that our method accommodates a wide range of heteroaryl
halides (Table 2). For example, an unprotected indole bearing an ortho N-H group (Entry 1)
yields 95% of product using only 0.7 mol % P1. Sulfur-containing heterocycles, such as
thiophenes (Entries 5, 6) and thiazole (Entry 7), also afforded product, although use of higher
catalyst loading was required. Further, pyrroles (Entry 8), pyrazoles (Entries 9, 10), and
indazoles (Entry 11) are all well handled. The latter represent, to the best of our knowledge, the
first Pd-catalyzed cyanation of 4-bromopyrazole (Entry 9),4446 3-bromopyrazole (Entry 10), and
3-chloroindazole (Entry 11).4749
Unprotected imidazoles are difficult substrates for many Pd-catalyzed cross-coupling
reactions due to their propensity to bind to transition metal centers. 34 For example, 4-
cyanoimidazole was obtained in 34% yield when the corresponding heteroaryl bromide was
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Table 2: Cyanation of Heteroaryl Halides
HetAr-X + K4Fe(CN) 6]-3H20
(0.5 equiv.)
Precatalyst (y mol %)
Ligand (y mol %)
KOAc (0.125 equiv.)
Dioxane:H 20 (1:1)100 0C, 1h
Entry X Product Precatalyst/Ligand mol % Pd Yielda
1 C1 P1/Li 0.7 95
CN
NCN~
yyN
NC N
N
NCNC N
NC
H
NC
Me
NC
H
NC
H
CN
N
H
1P2/L2
P2/L2
P2/L2
P2/L2
P2/L2
P2/L2
P2/L2
97
932
4
1.6
4
4
1.4
1P2/L2
P3/L3
66C
91
91
92
93
5
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HetAr-CN
2 Cl
3 Br
4 Cl
5 Cl
6 Cl
7 Br
8 Br
9 Br
10 Br
Entry X Product Precatalyst/Ligand mol % Pd Yielda
11 Cl CN P2/L2 4 94
N
H
12 Br NC P3/L3 1.5 99
N
Bn
alsolated yield, average of 2 independent runs. b0 .5 equiv. KOAc cLow yield due to volatility.
dlsolated as HCl salt, 95:5 mixture of HetArCN:HetArBr
subjected to the conditions depicted in Scheme 1, Eq 1. Increasing the catalyst loading did not
aid in driving the reaction to full conversion or increasing the yield in an appreciable manner. A
competition experiment showed that in the presence of 4-bromoimidazole, cyanation of 4-
bromopyrazole yielded only a small amount of 4-cyanopyrazole (Scheme 1, Eq 2). Imidazole
appears to have an inhibitory effect on catalysis, but only when present in stoichiometric
quantities (Scheme 1, Eq 3). We hypothesized N-protection of 4-bromoimidazole would prevent
inhibition. Indeed, subjecting 4-bromo-N-benzylimidazole to our protocol yielded heteroaryl
nitrile in 99% yield at 1.5 mol % Pd loading (Table 2, Entry 12).
Br P3 (3 mol %) NC
+ K4Fe(CN)]-3H 20 L3 (3mol %) (1)
N (0.5 equiv.) KOAc (0.125 equiv.) N
H Dioxane:H 20 (1:1) H
100 0C 34% yield ('H NMR)
Br Br P2 (1 mol %) NC NC
N+ + K4Fe(CN) 6]-3H 20 L2 (1 mol %) + (2)N N (0.5 equiv.) KOAc (0.125 equiv.) NN
H H Dioxane:H 20 (1:1) H H
(0.5 equiv.) (0.5 equiv.) 100 *C 5% yield Not(iH NMR) Observed
Br P2 (1 mol %) NC
+ + K4Fe(CN) 6]-3H 20 L2(1 mol %) ) N (3)N N (0.5 equiv.) KOAc (0.125 equiv.) N
H H Dioxane:H 20 (1:1) H
(1 equiv.) (x equiv.) 1000 x = 0.1, 80% yield ('H NMR)xS=1, 8% yield (H NMR)
Scheme 1: Effect of imidazoles on Pd-catalyzed cyanation
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This Work
P2 (1.6 mol %) Amgen Work
Cl L2 (1.6 mol %) CN Pd 2dba 3 (3.2 mol % [Pd]) CI
K4[Fe(CN)61-3H 20 (0.5 equiv.) dppf (3.2 mol %)
N KOAc (0.125 equiv.) N Zn(CN)2 (0.6 equiv.) NH Dioxane:H 20 (1:1) H Zn (9 mol %) H100 0C, 1h DMA, 120 0C, 2h
73% yield 70% yield
Scheme 2: Preparation of a pharmaceutical intermediate
Application of this methodology to the preparation of a pharmaceutical intermediate
was also investigated. For the preparation of 2-[(1H-pyrrolo[2,3-b]pyridine-4-yl)methylamino]-
5-fluoronicotinic acid, 4-cyano-7-azaindole was used as an intermediate. 50 The reported
synthesis utilized Zn(CN)2 with 3.2 mol % (dppf)Pd (Scheme 2). Using our procedure, 4-cyano-
7-azaindole was obtained in similar yield using half the catalyst, in half the time, at lower
temperature, and using K4[Fe(CN) 6]e3H 20 in lieu of Zn(CN)2.
Table 3: Transmetallation Studies
F
I1~] Base (1 equiv.)__ y CN
t-Bu + Cyanide source q )
t-Bu-P-Pd-CI (1 equiv.) 1:1 Organic Solvent:H 20F
iNPr 3
2
Entry Cyanide Source Base Solvent Temperature Time Yield (3)a
(min)
1 KCN KOAc THF rt 5 56%
2 KCN KOH THF rt 5 69%
3 K4[Fe(CN)6]e3H 20 KOAc THF rt 30 0%
4 K4[Fe(CN) 6]e3H 20 KOAc Dioxane 100 *C 5 66%
a 19F NMR yield
Finally, the transmetallation of cyanide with oxidative addition complex 2 was examined
(Table 3). Grushin has reported that (PPh3)2Pd(Ph)(I) reacts with [Bu 4N]*[CN]- to afford
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PhCN;12 similarly, we observed rapid transmetallation of KCN with 2 and reductive elimination
to form 3 at room temperature. Allowing 2 to react with K4[Fe(CN)6 ]e3H 20 at room
temperature for 30 minutes afforded no Pd-CN complex or 3 (via 19F NMR), suggesting that
dissociation of cyanide from the iron center requires higher temperatures. In accord with this,
when the reaction was conducted at 100 *C, cyanide transfer from K4 [Fe(CN) 6]e3H 20 and
reductive elimination to form 3 proceeded at a rate and efficiency comparable to the use of KCN
at room temperature. Future efforts will focus on promoting more facile transfer of cyanide from
K4[Fe(CN) 6 ]e3H 20 to enable room temperature cyanation.
4.3 Conclusion
In conclusion, we have disclosed a general method for the cyanation of (hetero)aryl
halides. The use of a non-toxic cyanide source in conjunction with wide functional group
tolerance and fast reaction times make this method particularly convenient to synthetic chemists.
4.4 Experimental
Note on the Importance of Stirring and Solvent Ratio
In order for this procedure to be successful for the cyanation of (hetero)aryl halides, efficient
stirring is absolutely essential. All 1 mmol scale reactions were performed using a stir plate set
to 900 rpm. Deviations in reaction vessel size, stir bar size, and reaction scale may require
optimization of stirring efficiency to guarantee best results. Additionally, deviation from a 1:1
organic:water solvent mixture can result in incomplete conversions. Make sure no solvent can
escape the vessel or be absorbed by the septum to ensure optimal yields.
General Reagent Information
Commercial materials were used as received unless otherwise noted. 1,4-dioxane (anhydrous,
99.8%), cyclohexane (anhydrous, 99.5%) and potassium carbonate (anhydrous, 99%) were
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purchased from Aldrich. Potassium acetate (99%) was purchased from Sigma. Potassium
hexacyanoferrate(II) trihydrate (ReagentPlus, 98.5%) was purchased from Aldrich and ground
into a fine powder using a mortar and pestle prior to use. [(allyl)PdCl] 2 was received as a gift
from Johnson Matthey. Pd(OAc) 2 was purchased from Johnson Matthey. Pd2dba3, SPhos,
XPhos, and RuPhos, P(o-tol)3, and PCy3 were purchased from Strem. PPh3, dppf, and P(t-Bu) 3
were purchased from Aldrich. BrettPhos was a gift from Aldrich. t-BuXPhos was received as a
gift from Amgen. DavePhos was received as a gift from Saltigo. t-BuBrettPhos,
5 1
,
52
precatalysts,31, 3 2 and (COD)Pd(CH 2TMS)25 3 were synthesized according to literature procedures.
(Hetero)aryl halides:
4-chloroanisole (99%), 2-chloro-m-xylene (97%), 4-chloroacetophenone (97%), 3-chloroaniline
(99%), 4-chlorobenzyl alcohol (98%), 4-chlorophenol (99%), 6-chloroquinoxaline (97%), 3-
chloro-6-methoxypyridazine (95%), 3-chlorothiophene (98%), ethyl 4-bromopyrrole-2-
carboxylate (97%), and 5-chlorobenzotriazole (99%) were purchased from Aldrich. Ethyl 4-
chlorobenzoate (98%) and 4-chlorobenzonitrile (99%) were purchased from Avocado. 4-
chlorobenzamide (98%), 4-chlorosulfonamide (98%), 7-chloroindole (98%), 2-acetyl-4-
chlorothiophene (97%), and 2-chlorobenzimidazole (97%) were purchased from Alfa. 3-
bromoquinoline (98%) and 3-chloroindazole (99%) were purchased from Acros. 4-
bromothiazole (97%) was purchased from Oakwood. 3-bromopyrazole (95%) was purchased
from Frontier. 4-bromopyrazole (98%), 4-chloro-7-azaindole (98%), and 4-bromoimidazole
(98%) was purchased from CombiBlocks. 4-chloro-7-azaindole was recrystallized from toluene
prior to use. 1-Chloro-4-fluorobenzene (98%) was purchased from Aldrich. Prior to use in
stoichiometric palladium complex formation, 1 -chloro-4-fluorobenzene was passed through a
plug of basic alumina and degassed by sonication under vacuum.
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Preparation of Degassed Aqueous Solutions
Performing a freeze/pump/thaw of aqueous solutions is time consuming and not necessary for
highly efficient cyanation reactions. Degassed water can be prepared in less than 30 s by
sonication under vacuum. A 100 mL round bottom flask was filled with deionized water and
fitted with a rubber septum. The flask was placed into a water-filled sonication bath, vacuum
was applied for 5 s, and the vessel was refilled with nitrogen gas. This process was repeated for
a total of five cycles. The degassed water was then added via syringe to a volumetric flask under
a nitrogen atmosphere equipped with a Teflon-lined screw-cap septum containing base (e.g.,
KOAc, K 2CO 3).
General Analytical Information
All compounds were characterized by 1H NMR, 13 C NMR, IR spectroscopy, and, for most,
elemental analysis. Nuclear Magnetic Resonance spectra were recorded on Varian XL 300 NMR
or Varian Inova 500 MHz instruments. Copies of the 1H and 13 C spectra can be found at the end
of the Supporting Information. All 1H NMR experiments were reported in 8 units, parts per
million (ppm), and were measured relative to the signals for residual chloroform (7.24 ppm),
methanol (3.31 ppm), dichloromethane (5.32 ppm), or DMSO (2.50 ppm) in the deuterated
solvent. All 13C NMR spectra are reported in ppm relative to deuterochloroform (77.23 ppm),
deuteromethanol (49.15 ppm), deuterodichloromethane (54.00 ppm), or d6-DMSO (39.51 ppm)
and all were obtained with 'H decoupling. All IR spectra were obtained on a Thermo Scientific
Nicolet iS5 spectrometer (iD5 ATR, diamond). GC analyses were performed on an Agilent
7980A chromatograph with an FID detector using a J & W DB-1 column (10 m, 0.1 mm I.D.).
GC-MS analyses were performed on an Agilent 6850 chromatograph with an Agilent 5965 inert
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mass selective detector using an HP-5MS column (30 m, 0.25 mm I.D.). HPLC analyses were
performed on an Agilent chromatograph using an Eclipse XDB-C18 column (5 uL, 4.6 x 150
mm) eluting with a solvent gradient of 60:40-90:10 (Methanol:0.1 % trifluoroacetic acid in
H 2 0). Powder X-ray diffraction patterns were recorded on a Bruker Advance D8 diffractometer
using Nickel-filtered Cu-Ka radiation (k = 1.5418 A) with accelerating voltage 40 kV and a
current of 40 mA. ESI-MS spectra were recorded on a Bruker Daltonics APEXIV 4.7 Tesla
Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR-MS). Elemental analyses
were performed by Atlantic Microlabs Inc., Norcross, GA. Flash chromatography was performed
using Silicycle Silia P60 silica gel. Thin-layer chromatography was performed on EMD Silica
Gel 60 F254 TLC plates and visualized using UV or/and ceric ammonium molybdate (CAM),
potassium permanganate (KMnO4), or ninhydrin stain.
Safety Considerations
While K4[Fe(CN) 6]*3H 20 and Prussian Blue are non-toxic, crude reaction mixtures and aqueous
phases from extractions should still be treated with caution. NEVER expose the crude reaction
mixture or the aqueous layer to acidic conditions as formation of hydrogen cyanide is possible.
All waste from crude reaction mixtures and aqueous workups should be disposed using accepted
protocols in a basic aqueous solution (pH >12).54 Finally, always wear appropriate personal
protective equipment (gloves, etc) to avoid the possibilty of contact with cyanide.
Experimental Procedure for Figure 2
Precatalyst (0.2 mol %)
N Ci Ugand (0.2 mol %) CN
EtO2C+ K4Fe(CN)e]-3H 2 0
Et2C (0.5 equiv.) KOAc (0.125 equiv.) EtO 2CDioxane:H 20 (1:1)100 *C, 1 h
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To each of fifteen screw-top test tubes equipped with a magnetic stir bar was added
K4[Fe(CN)6]e3H 20 (211 mg, 0.5 equiv.). To a separate screw-top test tube equipped with a
magnetic stir bar was added precatalyst and ligand (enough for 4 reactions at 0.2 mol % Pd
loading, 1:2 Pd:L ratio). For reactions utilizing L10 and L11, precatalyst and ligand was
weighed out in a nitrogen-filled glove box due to the oxygen-sensitive nature of these ligands.
After sealing with a Teflon-lined screw-cap septum, all vessels were evacuated and backfilled
with nitrogen (this process was repeated for a total of three cycles). Dioxane (10 mL) was added
to each precatalyst/ligand tube via syringe, and the solution was stirred until all solids dissolved.
Ethyl 4-chlorobenzoate (156 pL, 184 mg, 1 mmol), Pd/L solution (2.5 mL), and 0.05 M KOAc in
degassed water (2.5 mL) were then added via syringe to the reaction tube containing
K4[Fe(CN)6]e3H 20. The test tube was placed in an oil bath preheated to 100 *C. After 1 h of
stirring at 100 *C, the reaction mixture was then cooled to room temperature. EtOAc (10 mL),
brine (10 mL), and dodecane (50 pL) were added to each reaction vessel. The reaction vessels
were sealed and shaken. A portion of the organic layer from each was filtered through a plug of
silica gel, which was eluted with EtOAc. The eluents were then analyzed by GC.
Experimental Procedure for Figure 3
P1 (0.2 mol %)y CI Li (0.2 mol %) C
+ K4Fe(CN)6]-3H20 (..%)C
EtO 2C (0.5 equiv.) Base (0.125 equiv.) EtO 2CDioxane:H 20 (1:1)
Temperature, Time
To each of six screw-top test tubes equipped with a magnetic stir bar was added
K4[Fe(CN)6 ]e3H 20 (211 mg, 0.5 equiv.). To a separate screw-top test tube equipped with a
magnetic stir bar was added P1 (14.7 mg) and LI (7.6 mg) (enough for 8 reactions at 0.2 mol %
Pd loading, 1:2 Pd:L ratio). After sealing with a Teflon-lined screw-cap septum, all vessels were
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evacuated and backfilled with nitrogen (this process was repeated for a total of three cycles).
Dioxane (20 mL) was added to the precatalyst/ligand tube via syringe, and the solution was
stirred until all solids dissolved. Ethyl 4-chlorobenzoate (156 pL, 184 mg, 1 mmol), Pd/L (2.5
mL) solution, and 0.05 M base in degassed water (2.5 mL) were then added via syringe to the
reaction tube containing K4[Fe(CN) 6]e3H 20. The test tube was placed in an oil bath preheated to
the specified temperature. After stirring for the designated amount of time, the reaction mixture
was then cooled to room temperature. EtOAc (10 mL), brine (10 mL), and dodecane (50 gL)
were added to each reaction vessel. The reaction vessels were sealed and shaken. A portion of
the organic layer from each was filtered through a plug of silica gel, which was eluted with
EtOAc. The eluents were then analyzed by GC.
Experimental Procedure for Figure 4
[Pd] (0.2 mol %)
Ny Cl LI (0.4 mol %) CN
C+ K4Fe(CN) 6]-3H20Et2C (0.5 equiv.) KOAc (0.125 equiv.) EtO 2CDioxane:H 20 (1:1)100 "C, 1 h
To each of five screw-top tests tube equipped with a magnetic stir bar was added
K4[Fe(CN)6]e3H 20 (211 mg, 0.5 equiv.). To a separate screw-top test tube equipped with a
magnetic stir bar was added palladium source and Li (enough for 4 reactions at 0.2 mol % Pd
loading, 1:2 Pd:L ratio). After sealing with a Teflon-lined screw-cap septum, all vessels were
evacuated and backfilled with nitrogen (this process was repeated for a total of three cycles).
Dioxane (10 mL) was added to the Pd/L1 tube via syringe, and the solution was stirred until all
solids dissolved. For the Pd2dba3 preincubation run, the Pd/L1 solution was stirred in an oil bath
preheated to 120 *C for 3 min and cooled to room temperature. Ethyl 4-chlorobenzoate (156 pL,
184 mg, 1 mmol), Pd/L solution (2.5 mL), and 0.05 M KOAc in degassed water (2.5 mL) were
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then added via syringe to the reaction tube containing K4[Fe(CN)6 ]e3H 20. The test tube was
placed in an oil bath preheated to 100 *C. After stirring for 1 h, the reaction mixture was then
cooled to room temperature. EtOAc (10 mL), brine (10 mL), and dodecane (50 gL) were added
to each reaction vessel. The reaction vessels were sealed and shaken. A portion of the organic
layer from each was filtered through a plug of silica gel, which was eluted with EtOAc. The
eluents were then analyzed by GC.
Regarding Ligand Rearrangement
Recently, our group5'56 and others57'5' reported the dearomative rearrangement of di-tert-
butyl biaryl phosphine ligands. As both t-BuXPhos (L2) and t-BuBrettPhos (L3) were used in
this study, we conducted preliminary investigations on select examples to see whether a
rearrangement was occurring in this reaction as well. In the cyanation of 3-chloroindazole, a
total of 8 mol % L2 was used (Table 2, Entry 11). 30 mg of L2 was recovered from the reaction,
representing 88% ligand recovery. Recovery of L3 or derivatives thereof from the cyanation of
4-bromo-1-benzylimidazole was not successful, however spiking the crude reaction with
additional L3 showed only one peak via 3 1P NMR. In light of this data, we believe that ligand
rearrangement does not occur to a significant extent in this reaction.
General Experimental Procedure for Tables 1 and 2
Precatalyst (x mol %)
Ligand (x mol %)
(Het)Ar-X+ K4[Fe(CN) 6]-3H20 3 (Het)Ar-CN
(0.5 equiv.) KOAc (0.125 equiv.)Dioxane:H 20 (1:1)
100 *C, 1 h
All reactions were set up on the bench top open to the air and all reagents for these
processes were weighed and added to the reaction tube in the air.
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To a screw-top test tube equipped with a magnetic stir bar was added precatalyst, ligand,
K4[Fe(CN)6]e3H 20 (211 mg, 0.5 equiv.), and (if solid) (hetero)aryl halide (1 mmol). After
sealing with a Teflon-lined screw-cap septum, the vessel was evacuated and backfilled with
nitrogen (this process was repeated for a total of three cycles). (Hetero)aryl halide (if liquid) (1
mmol), dioxane (2.5 mL), and 0.05 M KOAc in degassed water (2.5 mL) were then added to the
reaction tube via syringe. The test tube was placed in an oil bath preheated to 100 "C and stirred
for 1 h. Upon initial stirring, a clear, yellow solution was observed. During the course of the
reaction, a yellow or green precipitate formed on the walls of the reaction vessel. After 1 h of
stirring at 100 *C, the reaction mixture was then cooled to room temperature. The contents of
the test tube were transferred to a separatory funnel using EtOAc (15 mL) and brine (15 mL),
and the organic layer was separated from the aqueous layer. If the reaction was successful,
during the extraction process the color of the aqueous layer turns dark blue. This is a colloidal
suspension of insoluble fine particles. Isolation and PXRD analysis revealed this solid to be
Prussian Blue. The aqueous layer was further extracted with EtOAc (total 2 x 15 mL). The
combined organic layers were dried over MgSO 4, filtered, and concentrated in vacuo. The
resulting mixture was adsorbed onto silica gel, dried in vacuo, and purified via column
chromatography to yield the product.
Notes:
1) In order for this procedure to be successful for the cyanation of (hetero)aryl halides, efficient
stirring is absolutely essential. All 1 mmol scale reactions were performed using a stir plate set
to 900 rpm. Deviations in reaction vessel size, stir bar size, and reaction scale may require
optimization of stirring efficiency to guarantee best results. 2) Deviation from a 1:1
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organic:water solvent mixture can result in incomplete conversions. Make sure no solvent can
escape the vessel or be absorbed by the septum to ensure optimal yields.
Preparation of 1-Benzyl-4-bromo-1H-imidazole
Br To a 100 mL round bottom flask equipped with a magnetic stir bar was added 4-bromo-
NJ 1H-imidazole (2 g, 13.6 mmol, 1 equiv.), anhydrous K2CO 3 (2.07 g, 15.0 mmol, 1.1Bn
equiv.), acetone (40 mL), and benzyl bromide (1.8 mL, 2.59 g, 15.1 mmol, 1.1 equiv.). The
vessel was capped and the reaction mixture was stirred at room temperature for 22 h. The
reaction mixture was poured onto EtOAc (80 mL), washed with deionized water (2x80 mL), and
brine (80 mL). 'H NMR of the crude reaction mixture showed an 82:18 mixture of 4-bromo and
5-bromo isomers. The organic layer was dried over MgSO4, filtered, and concentrated in vacuo.
The resulting mixture was adsorbed onto silica gel, dried in vacuo, and purified via column
chromatography (silica gel, 80:20 to 50:50 hexanes:EtOAc gradient, visualized with UV and
KMnO 4) to yield the product as a white solid (2.19 g, 68%), mp = 92-93 *C (lit. 91-93 aC).5 9 'H
NMR (300 MHz, CDCI3): 8 7.45-7.28 (in, 4H), 7.19-7.11 (m, 2H), 6.84 (d, J= 1.6 Hz, 1H),
5.04 (s, 2H). 13C NMR (126 MHz, CDC13): 8 137.0, 135.3, 129.2, 128.6, 127.6, 118.6, 115.6,
51.4. IR (neat, cm-'): 3144, 3109, 3024, 1496, 1391, 1236, 1106, 944.
Characterization Data for Table 1
1ZrCN Ethyl 4-cyanobenzoate Following a modification of the general procedure with
EtO 2C ethyl 4-chlorobenzoate (156 pL, 184 mg, 1 mmol). P1 (0.2 mol %) and Li (0.2
mol %) were added to the reaction vessel via syringe as a solution in dioxane (due to low catalyst
loading). The product was purified by column chromatography (silica gel, 95:5 to 85:15
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hexanes:EtOAc gradient, visualized with UV and KMnO 4) to yield ethyl 4-cyanobenzoate as a
white solid. (168 mg, 96%), mp = 53-54 *C (lit. 54 oC). 60 'H NMR (300 MHz, CDC): 6 8.17-
8.08 (m, 2H), 7.76-7.68 (m, 2H), 4.39 (q, J= 7.1 Hz, 2H), 1.39 (t, J= 7.1 Hz, 3H). 13 C NMR
(126 MHz, CDCl3): 6 164.9, 134.3, 132.2, 130.0, 118.0, 116.2, 61.8, 14.2. IR (neat, cm-1):
2230, 1715, 1366, 1276, 1185, 1107, 1022, 873. Anal. Cald. for CioH9NO2 : C, 68.56; H, 5.18.
Found: C, 68.77; H, 5.28.
CN 4-Methoxybenzonitrile Following the general procedure with 1-chloro-4-
MeO methoxybenzene (122 pL ,142 mg, 1 mmol), P1 (3.7 mg, 0.4 mol %), and Li
(1.9 mg, 0.4 mol %). The product was purified by column chromatography (silica gel, 95:5 to
80:20 hexanes:EtOAc gradient, visualized with UV and KMnO4) to yield 4-methoxybenzonitrile
as a white solid. (126 mg, 95%), mp = 58-59 *C (lit. 57-59 *C).6' 'H NMR (300 MHz, CDCl3):
8 7.52 (d, J= 8.9 Hz, 2H), 6.90 (d, J= 9.0 Hz, 211), 3.80 (s, 3H). 13 C NMR (75 M z, CDC13 ): 6
162.9, 134.0, 119.3, 114.8, 103.9, 55.6. IR (neat, cm-'): 2216, 1604, 1506, 1255, 1174, 1020,
827, 682. Anal. Cald. for C8H7NO : C, 72.16; H, 5.30. Found: C, 72.10; H, 5.43.
Me CN 2,6-Dimethylbenzonitrile Following the general procedure with 2-chloro-1,3-
& CMe dimethylbenzene (133 pL, 141 mg, 1 mmol), P1 (5.5 mg, 0.6 mol %),and Li (2.9 mg,
0.6 mol %). The product was purified by column chromatography (silica gel, 100:0 to 97:3
hexanes:EtOAc gradient, visualized with UV and KMnO 4) to yield 2,6-dimethylbenzonitrile as a
white solid. (113 mg, 86%), mp = 89-90 *C (lit. 89-91 oC). 62 1H NMR (300 MHz, CDC 3): 6
7.32 (t, J= 7.7 Hz, 1H), 7.10 (d, J= 7.7 Hz, 2H), 2.51 (s, 611). 13C NMR (126 MHz, CDC 3): 6
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142.1, 132.2, 127.4, 117.3, 113.4, 20.8. IR (neat, cm 1): 2949, 2922, 2215, 1596, 1472, 1380,
1174, 1037. Anal. Cald. for C9H9N : C, 82.41; H, 6.92. Found: C, 82.21; H, 6.96.
CN 4-Acetylbenzonitrile Following the general procedure with 1-(4-
o chlorophenyl)ethanone (130 pL, 155 mg, 1 mmol), P1 (2.8 mg, 0.3 mol %), and
L1 (1.4 mg, 0.3 mol %). The product was purified by column chromatography (silica gel, 95:5
to 85:15 hexanes:EtOAc gradient, visualized with UV and KMnO 4) to yield 4-acetylbenzonitrile
as a white solid. (138 mg, 95%), mp = 58-59 'C (lit. 57-58 C). 63 1H NMR (300 MHz, CDCl3):
58.02 (dt, J= 7.9, 0.9 Hz, 2H), 7.75 (dt, J= 8.1, 1.0 Hz, 2H), 2.62 (s, 3H). 13 C NMR (126 MHz,
CDCl3): 8 196.5, 139.8, 132.4, 128.6, 117.9, 116.1, 26.7. IR (neat, cm'): 2229, 1686, 1401,
1354, 1261, 958. Anal. Cald. for C9H7NO : C, 74.47; H, 4.86. Found: C, 74.50; H, 4.86.
CN Terephthalonitrile Following the general procedure with 4-chlorobenzonitrile
NC (138 mg, 1 mmol), P2 (6.4 mg, 0.8 mol %), and L2 (3.4 mg, 0.8 mol %). The
product was purified by column chromatography (silica gel, 90:10 to 70:30 hexanes:EtOAc
gradient, visualized with UV and KMnO 4) to yield terephthalonitrile as a white solid. (120 mg,
94%), mp = 225-226'C (lit. 225-227 *C). 64 1H NMR (300 MHz, CDCl3): 67.78 (s, 4H). 13C
NIR (126 MHz, CDCl3 ): 8 133.0, 117.2, 116.9. IR (neat, cm-1): 3097, 3053, 2232, 1505, 1401,
1277, 1201, 1167. Anal. Cald. for C8H4 N2 : C, 74.99; H, 3.15. Found: C, 74.76; H, 3.18.
CN 4-Formylbenzonitrile Following a modification of the general procedure with
H I
4-chlorobenzaldehyde (141 mg, 1 mmol), P2 (14.3 mg, 1.8 mol %), and L2 (7.60
mg, 1.8 mol %). The reaction was stirred in an oil bath preheated to 70 "C for 12 hours. The
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product was purified by column chromatography (silica gel, 95:5 to 80:20 hexanes:EtOAc
gradient, visualized with UV and KMnO4) to yield 4-formylbenzonitrile as a pale yellow solid.
(109 mg, 83%), mp = 98-99 *C (lit. 96-98 C).65 'H NMR (300 MHz, CDCl3 ): 6 10.07 (s, 1H),
8.01-7.94 (in, 2H), 7.88-7.79 (m, 2H). 13C NMR (126 MHz, CDC 3): 6 190.8, 138.7, 132.9,
129.9, 117.8, 117.5. IR (neat, cm-1): 3093, 3046, 2229, 1699, 1385, 1296, 1201, 1172. Anal.
Cald. for C8H5NO : C, 73.27; H, 3.84. Found: C, 73.17; H, 3.81.
CN 4-Cyanobenzamide Following the general procedure with 4-chlorobenzamide
H2N YC. (156 mg, 1 mmol), P2 (6.4 mg, 0.8 mol %), and L2 (3.4 mg, 0.8 mol %). The
0
product was purified by column chromatography (silica gel, 1:1 to 1:7 hexanes:EtOAc gradient,
visualized with UV and KMnO 4) to yield 4-cyanobenzamide as a white solid. (133 mg, 91%),
mp = 226-227 *C (lit. 222.1-223.3 *C). 66 'H NMR (300 MHz, d6 -DMSO): 6 8.22 (br s, 1H),
8.06-7.99 (m, 2H), 7.98-7.90 (in, 2H), 7.69 (br s, 1H). 13C NMR (126 MHz, d6-DMSO): 6
166.5, 138.3, 132.4, 128.3, 118.4, 113.7. IR (neat, cm-'): 3440, 3165, 2230, 1695, 1616, 1561,
1411, 770. Anal. Cald. for C8H6N20 : C, 65.75; H, 4.14. Found: C, 65.74; H, 4.09.
j ,r CN 4-Cyanobenzenesulfonamide Following the general procedure with 4-
H2N o chlorobenzenesulfonamide (156 mg, 1 mmol), P2 (5.7 mg, 0.7 mol %), and L2
(3.0 mg, 0.7 mol %). The product was purified by column chromatography (silica gel, 70:30 to
50:50 hexanes:EtOAc gradient, visualized with UV and KMnO4) to yield 4-
cyanobenzenesulfonamide as a white solid. (165 mg, 91%), mp = 169-170 *C (lit. 168 *C). 67 'H
NMR (300 MHz, CD30D): 6 8.09-8.02 (m, 2H), 7.96-7.89 (m, 2H). 3C NMR (126 MHz,
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CD30D): 6 149.2, 134.2, 128.1, 118.7, 116.7. IR (neat, cm-1): 3340, 3253, 2228, 1490, 1335,
1096, 1091, 901. Anal. Cald. for C7H6N20 2S : C, 46.14; H, 3.32. Found: C, 46.17; H, 3.44.
CN 3-Aminobenzonitrile Following the general procedure with 3-chloroaniline (106 pL,
128 mg, 1 mmol), P2 (6.4 mg, 0.8 mol %), and L2 (3.4 mg, 0.8 mol %). The product
NH2
was purified by column chromatography (silica gel, 80:20 to 65:35 hexanes:EtOAc gradient,
visualized with UV and ninhydrin) to yield 3-aminobenzonitrile as an off-white solid. (107 mg,
91%), mp = 47-48 'C (lit. 49-50 oC). 68 'H NMR (300 MHz, CDCl3 ): 6 7.19 (ddd, J= 8.2, 7.6,
0.6 Hz, 1H), 6.98 (ddd, J= 7.6, 1.5, 1.0 Hz, 1H), 6.91-6.78 (m, 2H), 3.88 (br s, 2H). 13C NMR
(126 MHz, CDCl3 ): 6 147.2, 130.0, 121.7, 119.4, 119.3, 117.3, 112.6. IR (neat, cm'): 3469,
3375, 2222, 1625, 1577, 1447, 1298, 867. Anal. Cald. for C7H6N2 : C, 71.17; H, 5.12. Found: C,
71.07; H, 5.28.
(* CN 4-(Hydroxymethyl)benzonitrile Following the general procedure with (4-
HO, /&
chlorophenyl)methanol (143 mg, 1 mmol), P2 (3.9 mg, 0.5 mol %), and L2 (2.1
mg, 0.5 mol %). The product was purified by column chromatography (silica gel, 60:40 to 50:50
hexanes:EtOAc gradient, visualized with UV and KMnO 4) to yield 4-
(hydroxymethyl)benzonitrile as a white solid. (125 mg, 94%), mp = 43-44 *C (lit. 42-44 oC).69
'H NMR (300 MHz, CDC 3): 6 7.64-7.53 (m, 2H), 7.49-7.3 8 (m, 2H), 4.73 (d, J= 5.6 Hz, 2H),
2.33 (t, J= 5.7 Hz, 1H). 13C NMR (126 MHz, CDC 3): 6 146.7, 132.2, 127.0, 118.9, 110.5, 63.7.
IR (neat, cm-'): 3317 (br), 2232, 1610, 1508, 1415, 1346, 1209, 1018. Anal. Cald. for C8H7NO:
C, 72.16; H, 5.30. Found: C, 71.93; H, 5.47. .
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CN 4-hydroxybenzonitrile Following the general procedure with 4-chlorophenol
HOJ (129 mg, 1 mmol), P2 (23.8 mg, 3 mol %), and L2 (12.7 mg, 3 mol %). The
product was purified by column chromatography (silica gel, 90:10 to 75:25 hexanes:EtOAc
gradient, visualized with UV and KMnO4) to yield 4-hydroxybenzonitrile as a white solid. (101
mg, 85%), mp = 110-111 *C (lit. 109-110 oC). 70 'H NMR (300 MHz, CDCl3): 67.61-7.48 (m,
2H), 6.97-6.85 (m, 2H), 6.38 (br s, 1H).13 C NMR (126 MHz, CDCl3): 6 160.5, 134.5, 119.5,
116.7, 103.1. IR (neat, cm-1): 3266 (br), 2232, 1601, 1586, 1508, 1248, 1220, 1165. Anal. Cald.
for C7H5NO : C, 70.58; H, 4.23. Found: C, 70.52; H, 4.46.
Characterization Data for Table 2
1H-Indole-7-carbonitrile Following the general procedure with 7-chloro-1H-indole
CN (152 mg, 1 mmol), P1 (6.4 mg, 0.7 mol %), and L1 (3.3 mg, 0.7 mol %). The product
was purified by column chromatography (silica gel, 100:0 to 80:20 hexanes:EtOAc gradient,
visualized with UV and KMnO4) to yield 1H-indole-7-carbonitrile as a white solid. (134 mg,
94%), mp = 102-103 *C (lit. 96 oC).71 'H NMR (300 MHz, CDCl 3): 6 9.12 (br s, 1H), 7.86 (d, J
= 8.0 Hz, 1H), 7.51 (dt, J= 7.4, 0.5 Hz, 1H), 7.33 (t, J= 2.4 Hz, 1H), 7.15 (t, J= 7.7 Hz, 1H),
6.63 (dd, J = 3.3, 2.0 Hz, 1H). '3C NMR (126 MHz, CDC 3): 6 136.4, 128.8, 126.5, 126.3,
126.2, 119.5, 117.9, 103.4, 94.0. IR (neat, cm-'): 3307 (br), 3105, 2221, 1609, 1447, 1348, 1334,
1113. Anal. Cald. for C9H6N2 : C, 76.04; H, 4.25. Found: C, 75.84; H, 4.19.
NC N Quinoxaline-6-carbonitrile Following the general procedure with 6-
KCkN chloroquinoxaline (165 mg, 1 mmol), P2 (7.9 mg, 1 mol %), and L2 (4.2 mg, 1
mol %). The product was purified by column chromatography (silica gel, 80:20 to 50:50
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hexanes:EtOAc gradient, visualized with UV and KMnO4) to yield quinoxaline-6-carbonitrile as
a white solid. (149 mg, 96%), mp = 181-182 *C (lit. 176-178 *C).7 2 'H NMR (300 MHz,
CDCl3 ): 6 8.96 (s, 2H), 8.49 (dd, J= 1.8, 0.6 Hz, 1H), 8.21 (dd, J= 8.7, 0.6 Hz, 1H), 7.92 (dd, J
= 8.7, 1.8 Hz, 1H). 13C NMR (126 MHz, CDCl3 ): 5 147.5, 146.9, 144.4, 142.1, 135.7, 131.3,
130.9, 117.9, 113.8. IR (neat, cm-1): 3063, 2229, 1498, 1418, 1374, 1302, 1131, 1018. HRMS-
ESI (m/z) [M + H]* calcd for C9H5N 3, 156.0556; found, 156.0557.
CN Quinoline-3-carbonitrile Following the general procedure with 3-
N' bromoquinoline (136 pL, 208 mg, 1 mmol), P2 (15.6 mg, 2 mol %), and L2 (8.5
mg, 2 mol %). The product was purified by column chromatography (silica gel, 90:10 to 80:20
hexanes:EtOAc gradient, visualized with UV and KMnO4) to yield quinoline-3-carbonitrile as a
white solid. (142 mg, 92%), mp = 107-108 'C (lit. 106-107 *C).7 3 'H NMR (300 MHz,
CDC 3): 6 9.02 (d, J= 2.1 Hz, 1H), 8.53 (dd, J= 2.1, 0.8 Hz, 1H), 8.16 (dq, J= 9.0, 0.8 Hz, 1H),
7.95-7.81 (in, 2H), 7.68 (ddd, J= 8.0, 6.9, 1.2 Hz, 1H). 13C NMR (126 MHz, CDCl3): 6150.4,
149.4, 142.1, 133.5, 130.5, 129.2, 129.0, 126.8, 117.8, 107.1. IR (neat, cm-'): 3036, 2228, 1619,
1567, 1489, 1371, 1130, 981. Anal. Cald. for C10H6N2 : C, 77.91; H, 3.92. Found: C, 77.84; H,
3.87.
CrY-OMe 6-methoxypyridazine-3-carbonitrile Following a modification of the general
NC N procedure with 3-chloro-6-methoxypyridazine (145 mg, 1 mmol), P2 (31.8 mg,
4 mol %), and L2 (17 mg, 4 mol %). A 0.2 M solution of KOAc in degassed water (2.5 mL, 0.5
equiv. KOAc) was used. The product was purified by column chromatography (silica gel,
90:10 to 75:25 hexanes:EtOAc gradient, visualized with UV and KMnO 4) to yield 6-
methoxypyridazine-3-carbonitrile as a white solid. (90 mg, 67%), mp = 93-94 'C (lit. 92-93.5
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oC). 74 'H NMR (300 MHz, CDC 3): 6 7.66 (d, J= 9.1 Hz, 1H), 7.07 (d, J= 9.2 Hz, 1H), 4.21 (s,
3H). "3 C NMR (126 MHz, CDC 3): 6 165.4, 135.2, 132.5, 117.2, 115.8, 56.1. IR (neat, cm-1):
3067, 2246, 1575, 1469, 1395, 1336, 1298, 1103. Anal. Cald. for C6H5N30 : C, 53.33; H, 3.73.
Found: C, 53.50; H, 3.80.
NC Thiophene-3-carbonitrile Following a modification of the general procedure with 3-
s chlorothiophene (93 pL, 119 mg, 1 mmol), P2 (12.7 mg, 1.6 mol %), and L2 (6.8 mg,
1.6 mol %). During workup, the extraction was performed with Et20. The product was purified
by column chromatography (silica gel, 95:5 to 80:20 pentane:Et20 gradient, visualized with UV
and KMnO 4) to yield thiophene-3-carbonitrile as a clear liquid. (77 mg, 71%). 'H NMR (300
MHz, CDCl3): 6 7.93 (dd, J= 3.0, 1.2 Hz, 1H), 7.41 (dd, J= 5.1, 3.0 Hz, 1H), 7.29 (dd, J= 5.1,
1.2 Hz, 1H).13 C NMR (126 MHz, CDCl3): 6 135.6, 128.9, 127.5, 115.3, 110.8. IR (neat, cm-1):
3110, 2229, 1404, 1368, 1223, 1154, 930, 874. HRMS-ESI (m/z) [M + H]* calcd for C5 H3NS,
110.0059; found, 110.0065.
NC 5-Acetylthiophene-3-carbonitrile Following the general procedure with 1-(4-
1 1Me
s\ a chlorothiophen-2-yl)ethanone (120 uL, 160 mg, 1 mmol), P2 (31.8 mg, 4 mol %),
0
and L2 (17 mg, 4 mol %). The product was purified by column chromatography (silica gel, 95:5
to 80:20 hexanes:EtOAc gradient, visualized with UV and KMnO 4) to yield 5-acetylthiophene-3-
carbonitrile as an off-white solid. (137 mg, 91%), mp = 81-82 *C (lit. 78.5-80 oC).7" 'H NMR
(300 MHz, CDCl3 ): 6 8.14 (d, J= 1.3 Hz, 1H), 7.80 (d, J= 1.3 Hz, 1H), 2.57 (s, 3H). 13C NMR
(126 MHz, CDCl3 ): 6 189.7, 146.2, 142.0, 133.0, 114.1, 111.5, 26.8. IR (neat, cm'1): 3092,
314
2228, 1659, 1528, 1415, 1268, 1219, 1149. Anal. Cald. for C7H5NOS : C, 55.61; H, 3.33. Found:
C, 56.17; H, 3.56.
NC Thiazole-4-carbonitrile Following a modification of the general procedure with 4-
s bromothiazole (90 gL, 165 mg, 1 mmol), P2 (31.8 mg, 4 mol %), and L2 (17 mg, 4
mol %). During workup, the extraction was performed with Et20. The product was purified by
column chromatography (silica gel, 80:20 to 33:64 pentane:Et 20 gradient, visualized with UV
and KMnO4) to yield thiazole-4-carbonitrile as a white solid. (98 mg, 89%), mp = 59-60 'C (lit.
55-56 oC).7 'H NMR (300 MHz, CDC 3): 6 8.89 (d, J= 2.0 Hz, 1H), 8.08 (d, J= 2.0 Hz, 1H).
13 C NMR (126 MHz, CDCl3): 8 154.8, 130.7, 127.7, 113.9. IR (neat, cm-1): 3118, 3090, 2236,
1422, 1298, 1218, 1130, 892. Anal. Cald. for C4H 2N 2S : C, 43.62; H, 1.83. Found: C, 43.79; H,
2.01.
NC Ethyl 4-cyano-1H-pyrrole-2-carboxylate Following the general procedure with
NGo 2 Et ethyl 4-bromo-1H-pyrrole-2-carboxylate (218 mg 1 mmol), P2 (11.1 mg, 1.4 molHmg
%), and L2 (5.9 mg, 1.4 mol %). The product was purified by column chromatography (silica
gel, 85:15 to 70:30 hexanes:EtOAc gradient, visualized with UV and KMnO4) to yield ethyl 4-
cyano-1H-pyrrole-2-carboxylate as a white solid. (152 mg, 93%), mp = 84-85 *C 'H NMR (300
MHz, CDCl3 ): 6 10.17 (s, IH), 7.40 (dd, J= 3.2, 1.5 Hz, 1H), 7.11 (dd, J= 2.5, 1.5 Hz, 1H),
4.34 (q, J= 7.1 Hz, 2H), 1.35 (t, J= 7.1 Hz, 3H). 13 C NMR (126 MHz, CDC 3): 6 160.6, 129.5,
124.2, 117.8, 115.6, 94.7, 61.5, 14.3. IR (neat, cm'): 3259, 3131, 2228, 1691, 1566, 1383, 1269,
1205. Anal. Cald. for C8H8N20 2 : C, 58.53; H, 4.91. Found: C, 58.66; H, 4.88.
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NC 1H-Pyrazole-4-carbonitrile Following the general procedure with 4-bromo-1H-
'lN
N pyrazole (147 mg, I mmol), P2 (7.9 mg, 1 mol %), and L2 (4.2 mg, 1 mol %). TheH
product was purified by column chromatography (silica gel, 2:1 to 1:2 hexanes:EtOAc gradient,
visualized with CAM) to yield 1H-pyrazole-4-carbonitrile as a white solid. (84 mg, 90%), mp =
90-91 *C (lit. 91-92 oC).77 'H NMR (300 MHz, CD30D): 6 8.13 (s, 2H). 13 C NMR (126 MHz,
CD30D): 6 139.6, 114.9, 92.6. IR (neat, cm-'): 3126, 2925, 2852, 2909, 2235, 1514, 1385,
1155. Anal. Cald. for C4H3N3 : C, 51.61; H, 3.25. Found: C, 51.63; H, 3.27.
CN 1H-pyrazole-3-carbonitrile hydrochloride Following a modification of the general
N
N- procedure with 3-bromo-1H-pyrazole (147 mg, 1 mmol), P3 (42.7 mg, 5 mol %), and
H
L3 (24.2 mg, 5 mol %). The product was purified by column chromatography (silica gel, 99:1 to
96:4 CH 2Cl 2:MeOH, visualized with CAM) to yield a light brown solid. The solid was dissolved
in Et2 O (5 mL) and passed though a PTFE syringe filter. The filter was washed with Et20 (2
mL), and the combined Et2O solution was dried in vacuo. The solid was dissolved in Et2O (1
mL) and 2 M HCI in Et20 (0.6 mL) was added. Pentane (12 mL) was layered onto the solution.
After 2 h, a solid was observed. The pentane layer was decanted, and the solid was washed with
pentane (2x8mL). Drying in vacuo afforded 1H-pyrazole-3-carbonitrile hydrochloride as a light
brown solid (95:5 mixture of 1H-pyrazole-3-carbonitrile hydrochloride:3-bromo-1H-pyrazole
hydrochloride) (86 mg, 63%). 'H NMR (300 MHz, d6-DMSO): 6 13.73 (br s, IH), 8.03 (d, J=
2.5 Hz, 1H), 6.95 (d, J= 2.4 Hz, 1H).1 3C NMR (126 MHz, d6-DMSO): 6 130.8, 123.3, 115.0,
110.6. IR (neat, cm-1): 3268, 3147, 2245, 1508, 1456, 1348, 1271, 1176. HRMS-ESI (mz) [M]*
calcd for C4H3N3, 93.0327; found, 93.0703.
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CN 1H-indazole-3-carbonitrile Following the general procedure with 3-chloro-1H-
N indazole (153 mg, 1 mmol), P2 (31.8 mg, 4 mol %), and L2 (17 mg, 4 mol %). The
H
product was purified by column chromatography (silica gel, 85:15 to 65:35 hexanes:EtOAc
gradient, visualized with UV and KMnO4) to yield 1H-indazole-3-carbonitrile as a white solid.
(132 mg, 92%), mp = 140-141 *C (lit. 140 oC). 78 1H NMR (300 MHz, CD30D): 6 7.78 (dt, J=
8.2, 1.0 Hz, 1H), 7.66 (dt, J= 8.5, 0.9 Hz, 1H), 7.49 (ddd, J= 8.5, 6.9, 1.1 Hz, 1H), 7.34 (ddd, J
= 8.2, 6.9, 0.9 Hz, 1H). 13C NMR (126 MHz, CD 30D): 6 141.6, 129.0, 125.4, 124.6, 119.6,
119.5, 114.9, 112.3. IR (neat, cm-1): 3234 (br), 2239, 1622, 1470, 1344, 1251, 1170, 1073.
Anal. Cald. for C8H5N3: C, 67.12; H, 3.52. Found: C, 67.09; H, 3.65.
NC 1-Benzyl-1H-imidazole-4-carbonitrile Following the general procedure with 1-
N benzyl-4-bromo-1H-imidazole (237 mg, 1 mmol), P3 (12.8 mg, 1.5 mol %), and L3
Bn
(7.3 mg, 1.5 mol %). The product was purified by column chromatography (silica gel, 70:30 to
40:60 hexanes:EtOAc gradient, visualized with UV and KMnO 4) to yield 1-benzyl-1H-
imidazole-4-carbonitrile as a pale pink oil. (181 mg, 99%). 'H NMR (300 MHz, CDC 3): 6 7.54
(d, J= 1.3 Hz, 1H), 7.42 (d, J= 1.3 Hz, 1H), 7.40-7.33 (m, 3H), 7.19-7.13 (m, 2H), 5.13 (s, 2H).
'
3C NMR (126 MHz, CDCl3): 6 138.8, 134.4, 129.3, 128.9, 127.9, 127.7, 114.9, 114.4, 51.5. IR
(neat, cm-1): 3116, 2230, 1533, 1496, 1455, 1230, 1146, 976. Anal. Cald. for Cn1H9N3 : C,
72.11; H, 4.95. Found: C, 71.84; H, 4.92.
CN 1H-pyrrolo[2,3-blpyridine-4-carbonitrile Following the general procedure with 4-
chloro-1H-pyrrolo[2,3-b]pyridine (153 mg, 1 mmol), P2 (12.7 mg, 1.6 mol %), and
H
L2 (6.8 mg, 1.6 mol %). The product was purified by column chromatography (silica gel, 2:1 to
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1:3 hexanes:EtOAc gradient, visualized with UV and KMnO 4) to yield 1H-pyrrolo[2,3-
b]pyridine-4-carbonitrile as a white solid. (108 mg, 72%, 95:5 mixture of 1H-pyrrolo[2,3-
b]pyridine-4-carbonitrile:4-chloro-1H-pyrrolo[2,3-b]pyridine). 'H NMR (300 MHz, DMSO): 6
'H NMR (300 MHz, DMSO-d6) 6 12.38 (s, 1H), 8.40 (d, J= 4.9 Hz, 1H), 7.83 (d, J= 3.5 Hz,
1H), 7.55 (d, J= 4.9 Hz, 1H), 6.65 (d, J= 3.4 Hz, 1H). 13 C NMR (126 MHz, DMSO): 6 148.5,
142.4, 130.3, 119.59, 118.2, 116.9, 108.9, 98.3. IR (neat, cm-1): 3129, 3069, 2909, 2233, 1599,
1326, 1277, 1121. Anal. Cald. for C8H5N3 : C, 67.12; H, 3.52. Found: C, 66.81; H, 3.74.
Experimental Procedure for a Reaction on a 10 mmol Scale
P1 (0.3 mol %)
L1 (0.3 mol %) CN
Me +K 4[Fe(CN) 6]-3H20 c(0.5 equiv.) KOAc (0.125 equiv.) Me
O Dioxane:H20 (1:1) o0 ~100 *C, 1 h0
To a Schlenk tube equipped with a magnetic stir bar was added K4[Fe(CN)6]e3H 20 (2.11 g, 0.5
equiv.). Separately, to a 25 mL screw-cap volumetric flask was added P1 (27.6 mg, 0.3 mol %)
and Li (14.3 mg, 0.3 mol %). After sealing the vessels with a plug valve (Schlenk tube) or
Teflon-lined screw-cap (volumetric flask), both vessels were evacuated and backfilled with
nitrogen (this process was repeated for a total of three cycles). 1-(4-chlorophenyl)ethanone (1.3
mL, 1.55 g, 10 mmol) was added via syringe to the Schlenk tube. Dioxane (25 mL) was added
via syringe to the volumetric flask to obtain a clear precatalyst and ligand solution. Subsequently,
the precatalyst and ligand solution was added to the Schlenk tube via cannula, followed by 0.05
M KOAc in degassed water (25 mL). The Schlenk tube was sealed with a Teflon plug valve,
placed in an oil bath preheated to 100 *C, and stirred for 1 h. Upon initial stirring, a clear,
yellow solution is observed. During the course of the reaction, a yellow precipitate forms on the
walls of the reaction vessel. After 1 h of stirring at 100 'C, the reaction mixture was then cooled
318
to room temperature. EtOAc (50 mL) and brine (50 mL) was added to the Schenk tube. The
solution was transferred to a separatory funnel, and the organic layer was separated from the dark
blue aqueous layer. The aqueous layer was further extracted with EtOAc (total 2 x 50 mL). The
combined organic layers were dried over MgSO 4, filtered, and concentrated in vacuo. The
resulting mixture was adsorbed onto silica gel, dried in vacuo, and purified via column
chromatography (silica gel, 95:5 to 75:25 hexanes:EtOAc gradient, visualized with UV and
KMnO 4) to yield 4-acetylbenzonitrile as a white solid (1.4 g, 96%). Analytical data was as is
described for the experiment carried out on a 1 mmol scale (vide supra).
Preparation of Oxidative Addition Complex 2
F In a nitrogen-filled glove box, to an oven-dried screw-top reaction vial
t-B containing a magnetic stirbar was added L2 (467 mg, 1.1 mmol, 1.1
t-Bua..Pd-CI equiv.), 1-chloro-4-fluoro-benzene (0.53 mL, 650 mg, 6 mmol, 5 equiv.)
i-Pr and cyclohexane (1 mL). The reaction mixture was stirred until L2 had
completely dissolved to yield a clear solution. (COD)Pd(CH 2TMS) 2 (389 mg, 1 mmol, 1 equiv.)
was added to the solution, the vessel was sealed with a screw cap, and the reaction was stirred at
room temperature for 18 h, during which time a yellow precipitate formed. Pentane (2 mL) was
added, and the vial was transferred to a -20 *C freezer and left for for 2 h. The cold suspension
was then filtered and washed with cold pentane (4x2mL). Drying in vacuo afforded complex 2
as a yellow solid (451 mg, 68%). During characterization, approx. 4% dearomative
rearrangement product was observed via 3 1P and '9F NMR . 'H NMR (500 MHz, CD2Cl2): 6
7.99 (td, J= 6.1, 3.0 Hz, 1H), 7.46-7.34 (m, 2H), 7.08 (s, 2H), 7.02 (ddd, J= 8.8, 5.9, 1.7 Hz,
2H), 6.79 (dt, J= 5.9, 3.4 Hz, IH), 6.66 (t, J= 9.1 Hz, 2H), 3.01 (hept, J= 6.9 Hz, 1H), 2.54
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(hept, J= 6.7 Hz, 2H), 1.57 (d, J= 6.8 Hz, 6H), 1.39 (d, J= 14.0 Hz, 18H), 1.36 (d, J= 7.0 Hz,
6H), 0.90 (d, J = 6.7 Hz, 6H). "C NMR (126 MHz, CDCl 3): 8 162.0, 160.1, 157.8, 152.8,
147.9, 147.8, 138.7, 138.7, 138.7, 138.7, 136.9, 136.6, 135.8, 134.9, 134.8, 134.8, 130.7, 130.6,
127.7, 127.7, 127.6, 126.3, 126.3, 125.1, 125.0, 113.4, 113.4, 113.3, 113.3, 39.8, 39.7, 35.1, 31.9,
31.9, 31.9, 25.8, 25.0, 24.9. Observed complexity is due to C-P and C-F coupling. '9F NMR
(471 MHz, CD 2Cl 2): 6 -124.8. 31p NMR (121 MHz, CD 2Cl 2): 6 52.7. IR (neat, cm-1): 2962,
2929, 2864, 1608, 1474, 1213, 1045, 1008.
General Procedure for Table 3
F
('IBase (1 equiv.) sC
t-Bu + Cyanide source Bs
t-Bu&-Pd-CI (1 equiv.) 1:1 Organic Solvent:H 20 F
i-Pr3
2
In a nitrogen-filled glove box, to an oven-dried screw-top reaction vial containing a magnetic
stirbar was added oxidative addition complex 2 (15 mg, 0.023 mmol, 1 equiv.). The vessel was
sealed with a screw-cap and removed from the glove box. 1-fluoronaphthalene (2.9 pL, 3.3 mg,
0.022 mmol, 1 equiv.) and organic solvent (1 mL) were added via syringe. The reaction mixture
was stirred, and a degassed aqueous solution of 0.023 M cyanide source and 0.023 M base (1
mL, 0.023 mmol, 1 equiv.) was added via syringe. For the 100 *C trial, the vial was then
transferred to an oil bath preheated to 100 *C. The reaction mixture was stirred for the allotted
period of time. At the end of this period, (after cooling to room temperature for the 100 *C trial),
Et2O (1 mL) was added to the reaction vessel via syringe and the vial was shaken. A portion of
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each organic layer was removed via syringe, filtered through a plug of silica gel, and eluted with
Et2O (0.3 mL). The eluents were then analyzed via '9F NMR.
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PXRD Spectra
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